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ABSTRACT

A study was made of the extiluguishment of composite solid

propellant strands at low pressures. Both the extinguishment at a

constant pressure near the low pressure deflagration limit (Pdl) and

the extinguishment during depressurization were considered. The

effects of the depressurization rate, the supplemental heat flux, and

the propellant chemistry on the extinguishment were investigated.

Controlled Lhermal environments were produced inside a large-

volume combustion chamber by a quick-heating nichrome-ribbon furnace

or by a cooling coil. The steady-state and transient burning rates

were determined by continuously measuring the weight of the strands.

Several catalyzed and uncatalyzed propellant formulations

containing ammonium perchlorate and polyurethane (PU), polybutadiene-

acrylic acid (PBAA), hydroxyl-terminated polybutadiene (|ITPB),

poly(laurly methacrylate) (PLMA), and fluorocarbon (FC) binder-fuels

have been used.

Two distinct extinguishment regimes were observed for the

extinguishment during depressurization, signifying two different

extinguishment mechanisms. In the high-rate regime, the starvation

of energy in the zone of initial reactions is inferred to be the

mechanism of extinguishment. In the low-rate regime, the extinguish-

ment pressure took a limiting minimum value independent of the rate

of depressurization, provided the rate was low enough. Extinguish-



meni in the low-rate regime appears to have the same mechanism as

extinguishment observed in consLotat pressure experiments at or below

tile low-pressure deflagration limit (Pd). That mechanism involves

a self-excited, intrinsic instability, manifested as oscillations in

burning rate, which develops in the combustion zone and eventually

leads to extinguishment.

A large augmentation of the burning rate and flame temperature

near the Pdl and a significant lowering of the Pdl was made by a

moderate external heat flux, indicating that low-pressure burning

behavior of propellants is strongly influenced by the thermal

environment of the combustion chamber. If the near-linear relationship

between the extinguishment pressure and the external heat flux is

extrapolated to zero pressure, one obtains an inrercppt heat-flux

value of about 1.0 cal/cm2 sec, which is inferred to be the minimum

feedback heat flux requird for combustion. The corresponding effective

furnace temperature, about 650°C, is interpreted as the least effective

surface temperature at which combustion can occur.

The very low rate of the low-pressure burning permit, the details

of the polymer chemistry to emerge as important variables, because,

when heated slowly, the polymers may undergo characteristic low-

temperature, combustion-modifying changes. Polymer melting accompany-

ing depolymerization is responsible for the high Pdl of fuel-rich

propellants containing PU and PLMA polymers.

All the propellants considered exhibited oscillatory burning at a

constant pressure near their Pdl' which leads to extinguishment below

xvii



the Pd" Unimodal-AP propellants showed a single mode of oscillations.

Bimodal-AP propellants showed two modes of oscillations, whose periods

were proportional to the thermal wave tiLle. The Denison-Baum model,

one of the so-called "one dimensional" theories of combustion stability,

fails to predict the observed periods of oscillation with reasonable

values of kinetic and thermochemical parameters. It is proposed that a

successful theory start with the proposition that oscillating gasifi-

cation rates of the two main propellant ingredients are out of phase.

xviii



CHAPTER I

INTRODUCTION

Difficulty in combustion termination is one of the major disad-

vantages of solid propulsion systems, especially if restart capability

is desired. Several methods of combustion termination have been

developed to help design a controllable motor. Rapid depressuriza-

tion and exploitation of LA instability are two approaches. However,

as the modern rocket technology advances, these methods become inade-

quate for an extremely fast-burning propellant system or a large rocket

booster because of severe requirements in nozzle design. There is

another mode of extinguishment; reduction of pressure below the so-

called low pressure deflagration limit. The lowest pressure at which a

solid propellant sustains combustion is termed the "low pressure

deflagration limit (Pd)." Although such a limit is inferred from

practical experience and the concept has oriented some research

groups to develop propellants with a high (even above atmospheric)

apparent Pdl' there are some fundamental questions yet to be answered,

Is there, in fact, a Pdl which is an intrinsic property of the propel-

lant? The negative answer is generally given because it is found

that the Pdl values observed are very much influenced by the expert-

mental arrangements. Nevertheless, the concept of the Pdl may be

useful as a measure of the extinguishability of solid propellants at

low pressures just as the flammability limit of gaseous mixtures,
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being determined by standardized experimental procedures, has proven

to be a reliable safety guide.

If the steady operating pressure of a rocket chamber is dropped

below the'low pressure deflagration limit of the propellant, combus-

tion ceas-,. The rate of depres.suri zation is not critical if small

enough, hut it it is large, it may result in extinguishment before

Pdl is reached. Since depressuri zat ion rate can thus affect results,

a true Pall must be determined in a burner in which pressure is con-

trolled independent of the mass rate of burning. A large volume

strand burner is adequate for this p,,rpose but the Inherent limita-

tion of nonadiabatic conditions plagues any direct application of

the strand bomb data to the motor design. In this study the simula-

tion of rocket motor conditions In a strand burner was attempted by

a quick-heating furnace inside the burner chamber. This apparatus

allows us to perceive also the intrinsic instability of the combustion

wave of solid pr,,pellants.

Besides the practical purpose of helping design of the control.1-

able motors, this investigation takes the advant:lges of the extended

thermal wave to study the fundamental processes governing composite

propellant combustion in general.

From the literature survey, it is noted that closely standardized

experimental procedures should be employed to obtain reproducible

Pdl data. Also noted is that heat losses may affect the low-pressure

burning and extinguishment. During the course of this study, it has

been observed that the burning of solid propellants near their Pdi

Is oscillatory and .... rv susceptible to pressure d isturbances. Thus,
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in this study, Pdl is regarded from various points of view: as a

steady-combustion limit, as an ilntrinsic instability, as a feature

of non-adiabatic burning, and as a limiting extinguishment pressure

during deprtcsurization.I

The program of this prxv.jecL proceeds with the study of steady

burning behavior at low pressures and Pdl measurement in Chapter IV.

The intrinsic instability is discussed in Chapter V. In Chapter V1,

the effect of external heat flux on the burning and extinguishment

at low pressures Is explored. An investigation on the transient

burning during depressurization at low pressures is described in

Chapter VII. In Chapter VIII, an effort is made to extend the study

on depressurization extinguisment to higher pressures, and the

reignition phenomenon after depressurization extinguishment is

considered.

Reliable experimental data are the first requirement. Develop-

ment of theory is deferred until after accumulation of a body of

reliable data, and then has more a ratienalizing than an innovative

character. In Chapter II, a thorough literature survey on the low

pressure limit is made. More extensive discussions of the relevant

literature are found in the background section of the several

chapters.

To avoid complexity, the general appatLus connion to various

phases of this study are described in Chapter III. Only the necessary

part of the experimental procedures for the explanation of the results

is preseoted in each chapter and the details of each procedure and

the calibration data are found in Appendix C.



BeR'use of the 1Irg volume of data to be presented, figures

and simmarized tables are" pilced ;It the end of the main text. The

supptementary numerical data for the figures and tables are shown III

Appendix G. The composition of all the propellents adopted in

this study and the thermophysical properties of the propellants =

used extcnsively are found in able B.I and B.II of Appendix B

respectively. Supplementary studle.; on intermittent burning behavior

of a PU propellant in a furnace, measurement of burning-surface

temperatures, and the electrical. properties of burning propellants

appear In Appendices D, E and F, respectively.

Ii
Ii

I
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CHAPTER 1I

REVIEW OF RELATED WORK

Little work has been done on the pressure deflagration limit

of composite propellants. The investigation on ammonium perchlo7ate

(AP) has generated some useful information on the general features

of the phenomenon. Further fundamental aspects of the problem are

found from the works on flammability limits of gaseous mixtures.

A. FLA.!' NBII.ITY LIMIT OF COMBUSTIBLE GASEOUS MIXTURES

The pressure or concentration limits of gaseous mixtures have

been determined experimEntally by standardized experimental procedures

[39, 46, 79]. Although these limits are useful for a safety guide,

it has been argued that the limits may not be fundamental properties

of the mixture by the fact that the measured values are too much

dependent upon experimental conditions [43, 791. Early investiga-

tors [78, 110] have tried to explain the flammability limit in terms

of flame-front instability to small disturbances from steady state

within the adiabatic niane wave model. Spalding [li.9j, however,

clearly presen:ed t.hat even a targ* disturbance cannot extinguish a

flame In an unl imited one-dimensIonal system without heat losses and

developed a radiation-heat loss theory. The heat-loss theory still

remains the only successful approach to the problem within the frame-

work of one-dimensional flame propagation [79, 132]. However, the

radiation-heat-loss theory fails to explain many of the fundamental
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features of the phenomenon [43, 79]. After an in-depth analysis of

the problem, Lewis and von Elbe [79] suggest a mechanism of flame

. ... -,quenching due to convective heat release to the unburned gas.

B. PRESSURE DEFLAGRATION LIMIT OF AMMONIUM PERCHLORATE

-There are numerous studies on the deflagration o! ammonium perchlo-

rate (AP) and some experimental data on the limiting pressures are

available [1, 2, 5], 66, 77]. Friedman, et al. [52] studied the

pressure deflagration limit of pressed AP strands. Go/no-go ignition

tests with ignition by a heated nichrome wire was used to determine

the Pdl of AP strands with the cross-sect:.on of 4 mm by 4 mm. The

lower deflagratien limit was found to be very sensitive to AP particle

size and the initial strand temperatures; the Pdl increases as the

pArticle size is decreased and as the initial strand temperi ture is

decreased. The P dl of AP strands with a wide distribution of particle

sizes was 45 atms at the ambient initial temperature. In a subsequent

study, using a much more efficient ignition technique, Levy and Fried-

man [77] were able to reduce the Pdl of AP from 45 atms to 22 arms.

They also found that a small amount of copper chromite powder

catalyst increases the Pdl markedly; so does a small amount of plati-

num black. An external radiation flux about 10 cal/cm 2sec was

needed to reduce the P of AP from 22 atms to atmospheric pressure.

In summing up their results, Levy .nd Friedman pruposcd that the radia-

tion heat loss from the burning surface could account for the PdlI

Arden, et al. [21 has found AP can deflagrate at atmospheric pressure

if the sample is preheated to about 280°C or a small amount of fuel

is added to give a final flame temperature of about 9300 C. Jacobs and

I "i
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Whitehead [66] summarized experimental data on pressure limits of AP

in their recent review on decomposition and combustion of ammonium

perchlorate, including many Soviet works:
I

1. The lower limit is predictably dependent on strand

size, being lower for strands of large diameter;

2. The lower limit is also decreased by increasing the

strand density or by increasing the particle size

of AP used to form the strand;

3. The lower limit can be reduced to 1 atms or lower by

heating -f AP or by the incorporation of catalysts.

A theoretical explanation of the Pdl of ammonium perchlorate

was attempted by Johnson and Nachbar [70] on the basis of the experi-

mental findings of Friedman, et al. described above. The radiation-

heat-loss theory first applied to solid-propellant systems by

Spalding 11201 was advanced with the assumption of a rate-controlled

surface condition. Their calculation shows that the theory predicts

Pdl due to heat loss only when a large amount of unaccountable heat

loss is added to the radiation-heat loss from the burning surface.

This result casts some doubt on the validity of the radiation-heat

loss theory. The same doubt was evoked by the experimental results

of Horton and Price [61] who found that the more nearly ad'ahptic

condition with the burning inside hollow grains did not lower the

Pdl of AP.

Rece.t observations of the burning surface using a scanning

electionmicroscopp have helped the combustion modelling and the inter-

pretation of experimental results on P of AP (16, 18, 61]. A

dl
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molten layer entrapping Fas bubbles was observed to exist on the

surface of burning AP at 20 - 50 atms. Boggs [16] deduced that this

frothy liquid layer would provide an excellent site for energy

transfer and pseudo-condensed phase reacttons. Watt and Petersen

[131] developed a technique measuring the P dependency on the

initial sample temperature and found the limiting pressure was the

same for AP single crystals and pressed pelletS in both nitrogen and

-helium. They explain that the limiting cindition is a unique property

of AP and It could possibly he re l ited to tli mo Iten surface zone.

Recent theories on A' deflagraLlo,| 111, 54, 821 all Umph.IMize the

importance of condensed3 phase reactions. Guirao i nd Williams (54]

have developed a model of AP deflagration considering exothermic

condensed-phase reactiuns in the liquid layer, coupled with the exo-

thermic gas-phase reactions. They conclude that 70 percent of heat

ieease occurs in the liquid layer, and further, that the Pdl is due

to the drop of surface temperature below the melting point of AP,

approximately 560'C [38, 591. Beckstead, et a]. Ill] also adopt this

melting temperature-limiting view in applying their three-dimensional

flame model to the AP deflagration. Their model calls for a heat
2  A

loss of more than 200 cal/cm sec to account tor extinguishment at

the observed P

:...

fI

!

I

.. . .I



C. PRESSURE DEFLAGRATION LIMIT OF COMPOSITE SOLID PROPELLANTS

On the deflagration limit of composite propellants only a few

investigations have been reported. A slow depressurization method

has been adopted to measure the limiting pressures by most investi-

gators. -

During the effort uf developing high PdL propellants for the

controllable motor application, Peterson, et al. [100] have made an

extensive study to find the effective way of increasing the P dl of

composite propellants. Since their main goal was to fortoulate propel-

lants which have the Pdl higher than the atmospheric pressure at sea

level, mostly aluminized polyurethane systems have been considered.

The Pdl dependency on the ingredient kind, level, size and shape

has been explored. Their results indicate that increased P is
dl

obtained by: 1) increasing binder level 2) replacing hydrocarbon

binders with oxygenated binders 3) increasing aluminum content

4) using small particle size oxidizer 5) coating AP with fluorocarbon

polymer. Further studies for high F dl propellaunts have been carried

out by Peterson, et al. [99] and Reed, et al. [108, 109] and some

mechanistic explanations on the effect of each ingredient on Pdl have

been attempted. Because too many compositional factors were con-

sidered simultaneously, definite conclusions are hardly to be drawn.

Most. of their explanations on the contributory effects of ingred-

ients on PdJ appear re. be reasonable, but some are dubious, or at

best vague. For Instance, the abnormally high PdI (several atms) of

PU )ropt' l inld r'mpired with po lybutadleni propl lant8 Ws cxplained

In terms (1 (lit" hl , hI r h, lli of combustion ;id the greater react ve-

n',s.s (if tpo~yhiil:idlcvnv binders 1109, 110). 'rhu significant effect of i

I



10

fine AP on increasing Pdl In PU systems was inferred to a shallow

deflagration region due to light scattering [108].

Woolridge, et al. [134] reported some experimental results on

the Pdl of propellants fueled with polybutadiene-acrylic acid-

acrylonitrile (IP8AA-AN) and polyurethane. They concluded that varia-

tion in AP level, aluminum conLent, and fcrric oxide did not change

the P from the range 0.06 aLms to 0.11 atms for PBAA-AN propellants.
dl

The use of potassium perchloratc in place of AP was shown to increase

H!
P d of a PBAA-AN propellant to 1.6 arms. A PU propellant of 80 per-dli

cent AP is listed to have P(i of 0.11 atms. Generally, the burning

rate catalysts tend to de,:ric,1S% the P ot PBAA-AN and PU systems.
di

Some interesting observatiuns on the. prcsure deflagration I
limit have been made by Steinz, et al. [123) during their study on

the steady bLrning mechanism of composite propellants. It is empha-

sized that the binder meltability plays an important role on both

the steady state burning behavior and the extinctior, of composite

propeilants. They considered that the binder melting behavior is

responsible for the high P of PU propellants and the 1i around

0.05 atms of normally burning propellants with non .nelting binders

is mainly caused by convective cooling by entrained ambient gases

together with a decrease in combustion efficloncy at reduced pres-

sures. Not much data to support their views have been reported.

Inclusion of the radiative heat loss to their theory predicts Pd, of

an order of lower values than 0.05 atms.

Still there have been some attempts to explain Pdl of composite

propellants on the heat loss argument. Chaiken [24] tried to explain

the extinction pressure of composite propellants by the extension of
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his thermal-layer theory with the inclusion of heat losses. His

-development merely emphasizes that any combustion model can predict

the existence of a pressure deflagration limit if heat loss term is

introduced. Cookson and Fenn [37] measured the effect of sample

cross-sectional area on th PdI of polysulfide propellants in a

strand burner, using the slow depressurization method. The Pdl is

sharply increased as the sample cross-sectional area ii. decreased,

indicating that the contribution of conductive and convective heat

losses is significant In determining Pad I ihiwever, comparing the

extrapolation of P dl values to infinite strand size and the extrapo-

lation of Silla's burning rate data [1181 to zero burning rate, they

inferred t.at heat losses might not be the only cause of Pdl"

Thus far, the works on the pressure deflagration limit have

been reviewed on the basis of compositional effects and the heat loss

argument. There has been advanced another explanation of the pres-

sure deflagration limit. It is suggested that a self-excited mode of

instability can lead to the extinguishment of a steady deflagration

at a constant pressurt. The '(tmbtst ion Instability thc-ry developed

by Den iSOn and BIaum 1421 his shown a criterion ,nder whirh a solid

propellant combustion beccmes unstable without stimulus by pressure

perturbation. Soviet investigators [133] have long been interested in

the stability of solid propellant combustion itseif without any coupling

of extetnal pressure disturbances. The physical and chemical parameters

of the propellant determine the stability criteria. Although the para-

meters appearing in their model such as the burning surface temperature

are difficult to measure within a desired accuracy, their concept

dI,de'se rves co.r: I dr rat io..
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A comment is necessary on the methods of determining the Pdl of

solid propellants. Most investigators have ,,sed the slow depressuriza-

tion method because of the extreme difficulty of ignition at low pres-

sures near the detlagration limit. Some invesLigators [37, 69, 123)

observed that the combustion of propellants near their Pdl was very sus-

ceptible to the rate of depressurization. fnvestigators adopted a dif-

ferent rate of depressurization which was satisfactory to their experi-

mental purpose in determining the low presstire limit. !%s it is certain

that the rate of depressurization does often affect the measured value

of the deflagration limit, a thorough sttudy is needed on th.s subject.

Moreover an vxtension of this study to the higher rates of depressuri-

zation may reveal some important aspects of the response of low-pres-

sure combustion to pressure transients.

D. EXTINGUISHMENT DURING DEPRESSURIZATTON AT LOW PRESSURES

A large volume of work is available on the extinguishment of

solid propellants via rapid pressure excursion. After Ciepluch's

earlier experimental works [27, 28, 291 and von Elbe'. theoretical

explanation [128] on the subject, numerous investigators i. e

attacked this problem. Some of the major arguments have been

centered on the usefulness of von Elbe's form of the extinguishment

criterion. It expresses that there is a critical ratio of the charac-

teristic times (for depressurization and for the relaxation of the

thermal wave) which is proportional to the exponent in the steady-

burning law, or

r2/PA n-(d tn p)/dt = A(I1

A
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In this equation r is the steady regression rate at pressure p;

a, the thermal diffusivity; p, pressure at time t; and n, the burning i
rate exponent. Depending upon the author of the treatment [94, 96,

127], A takes the value of 1/2, 1 or 2. Criticism of this expres-

sion comes from the fact that this equation does not have a sound

physical basis [86, 135] and moreover it fails to predict the extinc-

tion behavior of the catalyzed propellants [44, 83]. Von Elbe and -

McHale (129] by modified strand burner tests, and Jensen [67, 68]

by motor tests, respectively, have shown that Eq. (11-1) predicts the

extinction behavior of some propellants quite well and emphasize the

merits of the simplicity of that expression.

More rigorous theoretical treatments of this problem have

been undertaken by Horton, et al. [60], Woolridge, et al. [135],

Merkle, et al. [861, and Coates and Horton [32, 331. All of the

authors have solved the transient heat conduction equation in the

solid with different laws for transient heat feedback from the gas

phase to the burning surface, claiming that their theories predict

the extinction behavior of solid propellants very well. Since the

uncertainty in the physicochemical parameters is not easily resolved,

these theories need further examination. The evaluation of these

theories is not in the scope of this work. What is concerned in this

program is the findings of others that the extinction is most sensi-
A

tive to the last part of the depressurization history or the final

system pressure itself. Ciepluch's results [27, 281 with rapid

depressurization indicate that the effect of initial pressure is mild

on the extinction requirement, and the final pressure attained is

important In de'termining whether extinguishment is permanent or is
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followed by spontaneous reignition. A series of workers at the

University of Utah have found the initial pressure produces little

effect on the extiuction requirement of a strand in a rarefaction

tube during depressurization (4, 44, 83, 112]. Instead the final

dump-tank pressure decides the extinguishment-no-extlnguishment

criterion within 0.01 atms [4, 112]. Woolridge, et al. [1351 also

reported that a motor extinguishment dur.Lng depressurization was

very sensitive to the final dump tank pressures.

What all these experimental results suggest is that the extinc-

tion during depressurization occurs at the final stage oi the

pressure history near the final dump tank pressure, when the nozzle

is dechoked. The vital importance of low pressure processes near

atmospheric or subatmospheric pressures is conceivable.

E. SUMMARY OF LITERATURE REVIEW

1. On the deflagration limit of composite propellants

there have been accumulated too few reliable data to

support a theory of extinguishment. Moreover, the

data taken by different investigators are not compatible

with each other due to non-standardized experimental

procedures.

2. Analytical approaches for Pdl based on heat losses have

not been successful in predicting the measured value of

P . The instability model appears to be promising,

dl

but may require heat loss considerations if Spalding's

argument is accepted.
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3. Certainly heat losses impose a significant influence

on the extinguishability of a strand burning at low

pressures, although they may not explain the

pressure deflagration limit.

4. The extinguishment of solid propellants by rapid

depressurization appears to be dominated by the low

pressure combustion processes. Hence. the information

on the response of the low pressure burning to pressure

transients is necessary to understand the extinguishment

during rapid depressurization.

F:

I
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CHAPTER III

V

GENERAL FEATURES OF EXPERIMENTAL APPARATUS

A. COMBUSTION CHAMBER AND ACCESSORIES

A combustion chamber, schematically shown in Figure I11.1, was

specially de-sgned for low-prcssirv, combustion studies ard used

throughout thls investigation, except for the tests on the rapid

depressurization and reignition study. The chamber consisted of a

dome and a base which fitted together by flanges. The base, 25 cm

i.d. and 13 cm heighL, had eleven threaded holes on the wall for the

gas and electrical connections, including a 1-1/2-inch fitting for

the exhaust line. The dome, 25 cm i.d. and 31 cm height, was

equipped with three 5 cm diameter windows, two on the side wall and

one on the top. An overhead pulley system with a counter-weight

was utilized to facilitate handling the dome. The chamber was made

of mild steel, plated by n1,:kel to minimize ctrrosion. The chamber

embraced 20 liters of free volume which gave enough room to put the

necessary apparatus inside. Moreover, the large chamber volume was

necessary to eliminate any possibility of dynamic coupling between

chamber gases and combustion or the discharge of gas at low pressures.

Inside the chamber a stand made of micarta plate was installed to

support the electric terminals and the sample holder. There was also

contained a fixture for a fast heating furnace or a cooling coil

(dsc rI.bed lit c i in this ch-ipt Cr)
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The flow diagram for the combustion chamber is shown in Figure

C.I. There were two exhaust systems, main and auxiliary. The

1-1/2-inch diameter main exhausL line included a main orifice, a

quick-opening ball valve of one inch port, and a large dump tank,

1,300 liters in volume. The auxiliary exhaust line depressurized

the combustion chamber through an auxIliary orifice and a 3/8-Inch

needle valve operated by a quick acthig pneumatic cylinder. The

auxiliary line had a half inch diameter and the auxiliary dump tank

had a volume of 120 liters. To draw the necessary vacuum in dump

tanks, a Nash Hytor Vacuum Pump wI. utsII zod in serics with a

No. 2-26-6 Nash Air Ejector. Without gas generation inside the system,

the vacuum could be drawn to as low as 0.016 atms. However, during

experiments with a propellanL sample burning inside, 0.02 atms was

about the minimum attainable. I
Compressed air admitted through solenoid valves was used to

drive the pneumatic actuators. Nitrogen was introduced to purge the

force transducer and the sample, when necessary. A pressure trans-

ducer was mounted on the inner wall of the combustion chamber.

The electric circuit diagram for the combustion chamber is

shown in Figurv C.2. The circuit. had two control panels, local and

remote. The remote control panel was located outside of the tunnel

in the control room, and was used when tests were carried out with the

chamber pressures more than 10 atms. Relays, timers, and a pressure

switch were arranged so that a test by the predetermined cycle could

be carried out. Hand operation was also possible by continuously

monitoring the relevant switches, if necessary. A variac was

utilized to supply the appropriate voltage to the ignition wire.



18

A pyrofuse wire or a nichrome wire was used for ignition. For

detailed information on the flow control system and the operation of

the control circuit, refel to Appendix C.

B. FORCE TRANSDUCER

A Stathan Model UC3 force transducer was adopted to measure

the burning rate continuously. Figure 111.2 shows the schematic

diagram of the sample mounting on the force transducer. To prevent

any damage by rihe corrosivc combustion gai, the ho.d and the chamber

of the transducer were continuously purged by flow-controlled nitro-

Sen which acted as a cooling gas around thc ."ample edge. A micarta

t'rnt was inserted between t-he aluminum sample holder and the trans-

ducer head to prevent it from being heated by the flame and the

furnace.

A recoil-force compensator was used when the transient burning

rates were measured. It had the shape of a flat umbrella. The top

plate, an aluminum disc of 5 cm diameter and 0.16 cm thick, was

connected t- the sample holdcr by four thin stainless steel rods. The

distance between the plate and the sample holder is 6.5 cm. The

fast moving combustion products struck the top plate and were deflec-

ted horizontally, exerting an upward force which compensated for

the downward force resulting from the initial acceleration of the

burned gases. The transducer thus detected only the weight of the

sample. When the compensator was not attached, the transducer

detected the recoil force in addition to the weight.

The electric circuit schematic diagram for the force transducer

Is shown in Figure C .J. The c.rcuit was specially designed to
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signal a zero output for the preload of the sample holder. A low

pass filter was also designed to filter out the noise signal due to

the natural fl'cqulency of the transducer and weight system which was

around 100 iiz.

C. QUICK IIFAITNG FURNACE AND COOLING COIL

To simulatc the thermal conditions of a rocket motor in a

strand burner, a quick heating furnace was needed. In Figure 171.5

a schematic and wiring diairau ol the quick heat Ing fkrnace Is

shown. It was i cage of nichrome strip wound cn a frame mode of

alumina tubes and transite plate. The heating element, nichrome

strip, was so thin that it was possible to raise the temperature to

700C within 20 seconds. The highest temperature to be obtaincd was

about 9000 C. The desired temperature level of the nichrome strip was

maintained by .a Leeds and Northrup three-mode temperature controller

along with i SCR ele,'.ro,|ic switch. A few degrt'e offset was noticed

between the -S t tiuptr.iLturt' 11 hc cont rol lcr al the actual tempera-

ture but gtne rally thlie pe(drr'll nec of the controller was excellent.

The bead of 0.0 1 inch dl:ilmetor" chrome) and alumel thermocouple was

directly welded on the iilchromc strip at the position approximately

7 cm from the top plate.

A hinged fixture of aluninum which held the furnace made it

easy to remove and relocate the .:tge cver the propellant strand.

The distance the sample pr,,!r'jded Inside Lhe cage was approximately

2 cm. The nitchrom' strip did not cover all of the hemi-spherical

enclosure so rlli ce a hoirnin SUfiCUe woold seec. Moreover, the

ttimperature dl;tribtititn tovev the f lihrome ,arfict' wa:: iiot uniform
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due to the natural convection, so that the calibration of the furnace

was necessary. Later, a radiation reflector made of polithed aluminum

sheet (0.16 cm thick) was utilized to increase the furnace efficiency. I
The radiative heat flux reaching the position where a propellant

surface would be lozated was calibrated by a Hy-Cal Engineering

Calorimeter (Model C-1301-A-120-072) in terms of the actual furnace

wall temperature. Figure C.6 shows the calibration data alcng

with the black-body emissive power. By means of this figure 1: ;ab

possible to assign an effective black-body wall temperature corres-

ponding to the measured furnace wall temperature. The variation of

flux intensity at different distances fror the bottom plate was

rather small so that it was assumed to remain constant during the

regression of the burning surface.

For experiments not using the furnace, the thermal surroundings

were maintained at a fixed temperature by replacing the furnace with

a cooling coil shown in Figure 111.7. The coil consisted of tightly

wound quarter-inch stainless steel tubing, the side wall being a

helix of 7 cm diameter and 19 cm height and the top being a spiral

of 10 cm diameter. The temperature of the coil was maintained at a

constant level about 15C by a continuous flow of cooling water.

Thus, the burning surface, located near the bcltom of the coil, saw

nothing but the wall of the temperature-regulated stainless steel

tube.

I
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D. SMALL-L* BLOW-DOWN CHAMBER AND ACCESSuRILS

For the rapid-depressurization extinguishment and reignition

study, a small test chamber as shown in Figure 111.8 was used in

conjunction with a short (30 cm long) rarefaction tube and &n orifice.

The chamber and tube were originally designed and used by Schulz [112].

The combined chamber, in 5.3 cm i.d. and 44 cm long, was conveniently

termed a small-I,* blow-down chamber because it was not used as a

rarefaction tube but as a blow-down chamber, in which at high pressure

a series of small rarefactions approximates a continuous depressuriza-

tion tory. If there is sonic flow in the throat, the pressure-

time carve can usually be adequately represented as a decayinp

exponential. If the nozzle flow is subsonic, the ambient (in this

case, dump tank) pressure also affects the pressure history. The

fractional rates of depressurization for sonic nozzle conditions were

calculated for all the orifices employed with the assumptions of

isothermal blow-down conditions and ideal nozzle and are given

in Table C.III. -his small-L* chamber, approximately one liter in

volume, could produce a fractional rate of depressurization as high
-1.J

as 350 nec when incorporated with orifices as large as 4.82 cm

in diameter.

The sudden pressure drop was achieved by bursting a cellulose

acetate diaphram, mounted at the end of a connecting tube of 30 cm

length, by an electrically operated plunger. The cellulose acetate

diaphram of an appropriate thickness was chosen for a given initial

pressure. The exhaust line consisted of 2-inch pipe and a 2-inch

port gate valve. The length of the exhaust line from the diaphram
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to the main tank was approximately 60 cm. A cooling coil was wound

around the rerefaction tube to restore the tube quickly to original.

room temperature after each run. Cooling water at 15*C flowed

continuously. Between tests, the small-L* chamber was purged with

compressed air to quicken its cooling. The electric control circuit

for combustion chamber was also used foe Ehe small-L* chamber operation

after a slight modification was made.

i -



CHAPTER IV

STADY BURNING BFHAVIOR OF COMPOSITION PROPELLANT

STRANDS NEAR THEIR LOW-PRESSURE DEFLAGRATION LIMITS

A. BACKGROUND

i

Since the pressure deflagration limit is a boundary between

the stable and the unstable combustion regimes, it is meaningful to

see how the stable burning at higher pressuies degenerate& to the

unstable regime at low pressures.

The burning rates of composite propellants at subatmospheric

pressures have been measured by several investigators [49, 101, 118,

123]. Not much information can be obtained from others' burning rate

data. Generally, burning rates are reasonably well represented by

Veielle's Law, r - a Pn. The burning rate exponent is much dependent

upon the type of the binder, ranging up to very close to unity.

Ohlemiller and Suummerfield [92] observed that a large amount of

AP was ejected from the burning surface of PBAA-fueled propellants

at low, subatmospheric pressures. The amount of AP ejected was, in

some experiments, nearly 50% of the original content in the catalyzed

propellants. Steinz, et al. [123] remarked that the combustion of

composite propellants at subatmospheric pressures is very inefficient

due to the evolution of white fumes containing 25% ammonium perchlo-

rate and 55% ammonium chloride, as well as the ejected AP particles.



The burning surface temperatures at low subatmospheric pres-I sures were measured by Powllng [102] and Most [referred to in 123).

At about 0.05 aitms the burning surface temperatures of AP-parafor-

maldehyde composites were around 400C according to Powling and those

of polysulfide propellants were reported in the range of 250-300*C

by Most.

In this work, burning rates and flame temperatures were measured

for several propollant ,,srems at low pre.sures. A preliminary study

on burning-surface temperature measurement was made. Standardization

of Pdl measurement and the effect of composition on Pdl were sought.

B. EXPERIMENTAL PROCEDURE

I. Burning Rate Measurement

Burning rates were measured from the weight vs. time record of

the combustion carried out ;1t constant low pressure. Samples 1.25 cm

X 1.25 cm in cross-section and approximately 2.4 cm long were

inhibited on the sides by Krylon acrylic solution, or later by Kel-F

#90 grease. Ignition was achieved by pyrofuse of nichrome wires. The

transducer and the sample edges were continuously purged by nitrogen

at a low flow rate during a test. A cooling coil was inserted inside

the combustion chamber to maintain constant thermal surroundings.

The pressure was measured by a pressure transducer. At least two

runs were made for each of the experimental conditionr employed.

2. Go/no-go Test for Pdl Measurement

During the preliminary study, the slow depressurization method

was adopted, as by most other Investigators. A propellant strand

was ignited at a pressure where ignition was easily achieved, and
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the system pressure was slowly decreased until extinguishment

-occurred. The extinguishment pressure was found to be very much -

dependent upon the rate of depressurization. To obtain a minimum

asymptotic value of extinction pressure for slow-burning propellants,

extremely small rates of depressurization were required. Moreover,

for irregularly burning, high Pdl propellants, this method failed

to give reproducible extinguislment pressures, values sometimes

being even lower than the steady pressure aL which the sample would

sustain burning. Thus, a gu/no-go test at a fixed pressure had to

be devised.

In further preliminary experiments (described in Appendix A),

it was established that heat losses from edges of the burning

surfaces were not significant in quiescent ambient gas if the surface

was 1.2 cm square or larger. It was observed that inhibitor material

on the sides of the strands had a detectable influence on the

extinguishment pressure. A thin film of Krylon was selected as

standard. It was alst) ohserved that et xLingu ishment pressures were

different if air rather than nitrogen was used as ambient gas.

Nitrogen was used thereafter. At first no effort was made to control

the thermal surroundings, ambient gas and the chamber wall. Later,

a cooling coil was inserted inside the chamber and the effect of

thermal surroundings was noted. With these standardized experimen-

tal conditions, the Pdl of a propellant was measured in the following

way.

The pressure was adjusted to the desired level in the combustion

chiambe r and l 'nnecI ed I.irge vacuum tank. 'he' Ignition wa.: achieved

by ) iIqltni, res I siui ,-tejter t I lament one mm Irain tit. exposed
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propellant surface. Even at pressures below Pdl' ignition could be

achieved because of the thick heated zone developed in the solid by

the slow ignition process. Ignition voltage was adjusted during

the course of the ignition transient by a variac. During the slow

heating stage, approximately SV was applied for 20 to 30 seconds.

If Ignition did not occur after 30 seconds, the voltage was increased

to about 8V. After ignition, the ignition power was reduced to

about 4V, and maintained there until the flame spread all over the

surface and a steady deflagrarton was established. Then the power

was slowly reduced to zero. Initial burning was promoted by the

stored energy and by the radiation heat feedback from the heated

nichrome wire. The transient burning ordinarily ceased after the

surface regressed about 6 mm, the estimated thickness of the preheated

zone, if the pressure was far below the pressure deflagration limit.

I At pressure close to but slightly below the deflagration limit, the

surface continued to regress beyond 6 mm, aided by the weak radiation

from the heated wire, but deflagration stopped at a position of

10 mm to 18 mm, depending on the pressure level and the propellant

kind. A slower-burning propcl lant deflagrated a little farther

before it quit burning, verifying tiie effect of rdiative heat flux

on the secondary stabilization of combustion. Introduction of the

electric power In the ignition wire detectably increased the dis-

tance burned. However, the pressure difference between the burn-out

and the pressure at which a propellant deflagrated about 12 mm was

negligible for most propellants, indicating that the radiation

effect diminished quickly as the surface regressed from the igniter
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wire. Thus the extinguishment pressure and the burn-out pressure

could be identified with the burn-out pressure corresponding to

10 to 18 umm of surface regression.

3. Flame Temperature Measurement

Pt and Pt-l0 percent Rh thermocouples were used. A 0.005-inch

Pt wire and a 0.010-inch Pt-]O percent Rh wire were welded together

with an oxygen-acetylene mini-torch. The bead portion of the

thermojunction was coated by silica to minimize combustion catalysis.

The size of the coated bead was about 0.6 mm. A radiatJon correc-

tion was necessary to get the true flame temperature. If the bead

is assumed to be a sphere, the following relationships can be

derived [1071:

A 1.36 CD c ( Ta 4"- \ 6/ - I(TV-i)I
kNu L 1O00 1000/)

Nu = 2.0 + 0.6(Re) /2Pr)/3 (IV-2)

where AT is the diffeience between the real flame temperature and

the thermccouple temperature *C; f, D, and k are emissivity, bead

diameter in cm, and thermal conductivity in cal/cm sec °K of the

thermocouple, ren;p2ctivcly; Nu, Nusselt number; Ic , the thermo-

couple temperatu-e, 'K; T , the temperature of the surrounding, OK;
a

Re, Reynolds number; Pr, Prandtl number. The emissivity of silica

coated thermocouple can be taken to be 0.22 following Kaskan [71].

The thermocouple was vertically mounted above the burning surface,

with the bead initially touching the surface. The signal was re-

corded by a Speedomax two-pen recorder along with pressure signal.

A
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The flame temperature was observed to decrease as the burning

surface moved away from the bead. The initial value near the burn-

ing surface was taken as the flame temperature. When the flame

temperature was above about 1400°C, the failure of the silica coat- q

ing was observed. Thus, less confidence is given to the flame

temperature data higher than about 1400C.

C. EXPERIMENTAL RESULTS

1. Burning Rate

Burning rates were measurable within three percent error.

Burning rates below two atms to the Pdl of each propellant were

measured for several PU, PBAA, and HTPB propellants and are shown in

Figures IVi1, IV.2 and IV.3, respectively. The lines were drawn

through the averaged values of at least two runs. Comparison can

be made on the effects of oxidizer loading, aluminum content, and

catalyst on the hurning rates. Vieille's Law for burning rate as

a function of pressure does not hold well for most propellants in j
this low pressure range except catalyzed propellants at pressures

above 0.2 atms. For all propellants, thre burning rate curves tend

to bend downward as the pressure approaches the limiting pressure.

This trend is most significant for slow-burning PU propellants. The

slope of the curves, the burning rate exponent, increases at lower

pressures to almost unity for most PBAA and HTPB propellants as the

limiting pressure is approached. The maximum exponent Is generally

greater I or ,4,Iwvr lIuring lIroptilonts, being larger thain unity fur

some PU prope llants. The slowest burning propellant, UED, haiH the

maximum value of 1.3. The burning-rate exponent greater than unity
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is not likely in the context of an adiabatic flame model like

Denison and Baum's because it implies a gas-phase reaction of order

greater than two to be rate controlling. An alternative, and suffic-

ient, explanation is that heat losses become significant at these

low burning rates.

The prominent effect of fuel type is magnified at pressures

below 0.1 atms. In order cf decreasing burning rate are PBAA,

HTPB, and PU propellants. The promotion of burning rate by copper

chromite catalyst is also remarkable. Replacing AP by 5% aluminum

powder (compare UFB with UEK, for example) produces a mild increase

in burning rate of all types propellants.

Probably the most striking aspect of burning rate behavior of

composite propellants at low pressure is the influence of oxidizer

loading. One might expect that the more highly oxidized propellant

would have a higher flame temperature due to a composition closer

to stoichiometric ind would, therefore, exhibit a higher burning

race, as is the case at higher pressures. In fact, the more fuel-

rich propellant gives a higher burning rate at low pressures in

the case of all those propellants. This trend is most conspicuous

I at the lowest pressures and tends to diminish as the pressure is

increased. For PBAA and PU propellants (compare UEM and UEK, for

example), this trend holds at pressures as high as 2 atms.

This anomalous burning behavior below 0.2 atims is best seen

in Figure IV.4, where the results for some more propellants are

also included. The curves for PBAA propellants of low AP loading,

70% and 72.51' AIV, 'rosH over those for thI, other more highly oxidized

ilrpcI Iml:, ;t. I v y I 1w I rc s . Ilow tvt-ir. t,;Ir th.Ii r Iow-pr.ssurt,
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limits, they exhibit higher burning rates. The very fuel rich

propellant, 70% AP, could not be extinguished in the experimental

system used. In general, a propellant with a higher burning rate

at low pressure exhibits a lower deflagration limit. This is only

true for the same binder system. The extinguishment pressures for

highly oxidized PBAA propellants are in the same range, around 0.05

atms, as those of PU propellants, although the burning rates of

PBAA propellants are almost three time& as fast as those of PU

propellants. Certainly some other factors are affecting on the

extinguishment pressures.

2. Pressure Deflagration Limit

The measured values of the deflagration limit with a cooling

coil were a little higher than those without a cooling coil inside

the chamber. The results are summacized in Table B.I. In Figures

IV.5 and IV.6, the resulLs without cooling coil are plotted since

the Pdl data for most propellants were taken in this manner. The

Pdl data with cooling coil for some propellants have already been

shown in Figure IV.4.

In Figure IV.5, the deflagration limit is shown as a function of

AP particle size (monomodal) for two propellant fuel binders. The

deflagration limits of PBAA-fueled propellants are all very low and

only slightly affected by the particle size of AP. The propellant

of the finest AP size and the largest AP size have somewhat higher

P than that of intermediate particle 3ize. The limits of PU
dl

propellants are markedly higher than those of PBAA ones and decrease

snarply as the AP particle size is increased, up to about 400 pm.
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The resuLt Is attributed to the melting of PU. Molten polymer

coated the crystals as verified by scanning electron microscopy

(shown in the following section) and prevented their participation

ini the surface reactions. Larger crystals project beyond the molten

layer and can react.

Similar information is given in Figure IV.6 whpre the deflagra-

tion limit is plotted against AP loading for several binder types.

Here AP is 60/40 bimodal mixture customarily used for high loadings.

The reaction-lnhtbitlng effect of molteu PU polymer is again apparent.

Above a loading of 80%, however, there is not enough melt to produce

the effect; the deflagration limit is little affected by AP loadiug.

Propellants fueled with poly(lauryl methacrylate) (PLMA) behaved

similarly. This polymer seemed more prone to melting, as judged

by inspection of the extinguished surface. More than 85% AP load-

ing is needed to prevent the melting effect of this binder. The

deflagration limit for a flurocarbon-fueled propellant (FC),

supplied by the Thiokol Chemical Corporation, is found to be above

5 atms. Propellants containing PBAA or HTPB unexpectedly showed a

higher Pdl for more highly oxidized propellants. This observation

appears to be compatible with the irevious observation that more

fuel-rich propellants burn faster, and a common explanation will be

of fered.

3. Flame Temperature

The degree of combustion Inefficiency is indicated by the

difference between the fl.me temperature measured and the adiabatic,

equilibrium flame temperature. The adiabatic, equilibrium flame

temperature was calculated by the computer program obtained from the
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U. S. Air Force Rocket Propulsion Laboratory, Edwards Air Force I,
Base. In Figure IV.7, a comparison is made between the adiabatic

flame temperatures and the measured thermocouple temperatures of a

PBM propellant as a function of pressure. Thoue measured thermo-

couple temperatures are direct readings from the thermocouple out-

puts, not being corrected for radiation to the surroundings. Even

though the measured thetmocouple temperature is not the real flame

temperature, the difference between the theoretical value and the A

aeasured value is an indication how the combustion efficienLy drops

as the pressure is lowered. The difference clearly increases as

the pressure is dropped. The effect would be more pronounced if the

radiation correctLiot were made because the magnitude of correction I

increases when the thprmonouple temperature is higher. The radiation

correction near the extinction pressure is about 100*C. Even so,

the corrected flame temperature is on the order of one half of the

adiabatic flame temperature at low pressure. It appears that the A

combustion of this propellant is very inefficient at all subatmos-

pheric pressures, becoming more inefficient as the pressure drops.

Similar information is given in Figure IV.8 for a catalyzed PU

propellant. Differing from Figure IV.7, the curve starts to drop

sharply below about 0.3 atms and changes little above 0.3 atms.

Again, a loss in efficiency is Indicated at very low pressures.

The flame temperature data for many propellants near their low

pressure deflagratLion limit are summarized in Figure IV.9. The

uncorrected flame temperatures at Pdl range between 900 0C and 1150*C.

The temperature correction is calculated to be in the range 50 to
(I

It I
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100*C, which makes the corrected flame temperature 950 - 1250 0C. It

is noted that 950*C, the minimum flame temperature found tn this

work, compares well with the results of other investigators for

pure AP [2, 52].

4. S!uplementary Observations

a. Binder Melting

The melting behavior of PU and HTPB polymers was confirmed by

microscopic study of the burned surfaces. Figure IV.10 depicts

the burned surface of a PU propellant photographed by a scanning

electron microscope. This propellant, UDV, contains only 400

micron AP particles. The individual pancakes have the linear

dimension of about 400-m across, and are polymer caps covering

AP crystals. A similar photomicrograph (not presented) of extinguished

surface of a PU propellant with fine AP particles indicates that most

of the particles were cuvered by molten binder.

The burning of high P dl propellants, having Pdl greater than

0.2 atms was very irregular, as revealed by the fluctuation of the

weight transducer signal, by visual observation, and by the highly

non-uniform extinguished surface. Such propellants burned rapidly

on one portion of the propellant surface, then the flame shifted to

another area and the burning occurred fast in that region. This

erratic burning phenomenon appeared to be largely due to the melting

characteristics of binders.

b. Surface Laver on PU propellints

A thick, brown colored surface layer was observed on the extin-

guished surface of bimodal PU propellants with oxidizer loading
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higher than 80%. The thickness of the surface layer was greater

for burning at lower pressures. Near the limiting pressure, the

layer was as thick as 1.5 mm. A distinct boundary existed between

the surface layer and the virgin propellant, so that the layer was

eas'.Iy separable from the rest of the strand. It was brittle and

a little porous. A photomicrograph of this layer is shown in

Figure IV.II. The upper part of the picture represents the interface

of the virgin propellaut surface, where the surface layer was

removed. The lower part shows the surface layer and its burned

surface. The structuresof the two surfaces are similar. The large

AP particles, being covered partly with the binder and showing no

sign of deocmposition, are seen on -he burned surface. Several

small pores are also seen in the binder matrix. The partially

decomposed, molten polyurethane polymer appeared to hold AP particles

on the surface, pr-wenting ejection of the kind noted with PBAA,

and to a lesser extent, HTPB propellants.

c. A DVection

After a low ?ressure burning, of bimodal PBAA propellants in

particular, large t particles were observed inside the combustion

A chamber, and also some white powder was deposited on the inner

surface of the chamber dome. The solid combustion products, both

the large solid particles and the white powder, were ccllected

together on a glass disc under a downward-burning strand and analyzed

by an X-ray crystal analyzer. The solid products were shown to bt

a mixture of ammonium perchlorate and amonium chloride. Certainly

large AP particles were ejected from the burning surface, while
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ammonium chloride was likely to be formed in the after-burning zone.

Other evidence of AP ejection is from the examinations of the extin-

guished surface by scanning electron microacopy. Photomicrographs

of the burned surface of a bimodal PBAA propellant, extinguished

near its limiting pressure, are shown in Figure IV.12. The many

holes are comparable in size to the larger AP particles, and it is

believed that the par.icles were ejecLed from them. Other large

-AP particles are seen still in place.

Figure IV.13 shows the extinguished surface of a unimodal PBAA

propellant containing 15-micron AP particles. AP particles are

rarely seen on the surface. In the matrix of fuel residue, there

are voids approximately the size of the particles. Some AP par-

ticles may have been ejected from these holes, but it is suggested

that most of the fine AP particles were decomposed on the surface

at a much faster rate than the fuel binder regressed. Supporting

evidence is that the shape of the holes are not as smooth as those

in Figure V.12. Furthermore, the flame temperature of this propel-

lant near its Pdl still remains relatively high, as shown in Fig-

ure IV.14. Moreover, AP ejection was seldom observed from unimodal

PBAA propellants of larger AP particles. It is probable that fine

AP particles in a bimodal propellant promote the ejection of the

larger particles. An explanation is given later.

Less but detectable amounts of AP were ejected from HTPB

propellants and catalyzed PU propellants burned at very low pressure.

No AP ejection was observed from uncatalyzed PU propellants. Copper

chromite catalyst appeared to prevent the coverage of AP by the
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molten binder. For a given binder system, the amount of AP ejec-

tion increases as the AP loading is increased and as the pressure

is lowered.

d. Burning Surface Temperature I
It was attempted to measure Ehe surface temperature by thermo-

couples (for details, see Appendix E). A chromel-alumel thermo-

couple with a bead thickness of 25 h was imbedded in the propellant

s that the flat surface was parallel to the regressing surface. The

measured values of burning surface temperature for a PBAA propel-

lant (G propellant) at 0.067 aims were in the range of 240 to 270 0C.

This temperature is taken to be a minimum possible value because

cortections were not made for either conduction through the leads

or radiation to the surroundings. The true tempprature of the

polymer at the burning surface was probably at least 350°C.

e. Oscillatory Burning

Most normally burning propellants exhibited oscil.latory behavior

in the vicinity of the Pdl' as detected both by the force trans-

ducer and b) photocEll signals. The nature of the oscillation was

much dependent on fuel type, AP particle size, and the pressure

level. For many bimodal propellants, two modes of oscillation at

widely separated and not-harmonically related frequencies were

observed. The oscillatory burning was very regular in PU and IITPB

propellants and less regular in PBAA propellants. In general, the

faster mode of oscillation was very distinct and regular, while the

slower mode was less regular.



37

When the propellant combustion was initially stabilized by

preignition heating, the oscillatory burning was most conspicuous,

oscillation amplitude increasing as extinguishment was approached.

This oscillatory burning near the limiting pressure provides

strong support to the view ascribing the low pressure extinguishment

to the intrinsic instability of low pressure combustion. An

extensive study on this subject and data analysis will be made in

the next chapter.

D. DISCUSSION OF RESULTS

1. General Features of Low-Pressure Burning

The pronounced effect of fuel type on the burning and extin-

guishment of composite propellants at low pressure is not likely to

be explained solely on the basis of the energetics and kinetics of

the binder decomposition. While the magnitude of the heat of combus-

tion and the ease of thermal and oxidative degradation of the binder

are the primary factors differentiating the low-pressure burning

behavior among different fuel systems, the physical characteristics

of the binder as they determine melting and AP ejection are also

important factors.

When the burning occurs at high pressures, the rates and,

accordingly, the surface temperatures are high. Furthermore, the

maximum rate of heating as the surface reaches any designated

particles of polymer is also great so that polymer can attain high

temperatures without degradation. Thus, the oxidative pyrolysis of

polymer become prominent before depolymerization and other degradation

reactions modify the polymer. The details of polymer chemistry are not
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important. Near the Pdl' however, rates are slow enough that easily

depolymerized polymers undergo combustion-modifying changes before the

oxidant enters the act. The details of polymer chemistry become. kmpor-

tant. The PU binder exhibits a molten film; the PBAA binder, remaining

dry during burning, provides a decomposition surface on which both

polymer and AP particles are exposed directly to energy feedback; and

HTPB exhibits an intermediate behavior.

2. High Pdl Propellants

The high Pdl (more than 0.2 atms) of PU and PLMA-fueled propel-

lants (Figures IV.5 and IV.6) is due to melting of those polymer

fuels. The inertness of fluorocarbon is thought to be the cause of

the high P of the FC propellant.
dl

Melting can inhibit burning of a propellant by physically

covering AP particles and by cooling the binder surface. The molten

polymer can protect AP particles in several ways; the already-

formed film is at low temperature and may consist of less-reactive

decomposition intermediates; the hot molecules undergoing decompo-

sition on the surface can be mixed with the others in the bulk; the

melt can wet or flow over the surface of burning AP particles, and the

burning AP particles may be drowned in the melt. Thus, the burning Inhi-

bition due to polymer melt is determined by the chemical nature and via-

cosity of the melt, by the thickness of the melt zone compared to the AP

particle size, and by the amount of melt to cover AP particles.

The melting of PU binder is likely to be more than a simple

physical melting which is probably acc.ompanied by some depolymeriza-

tion and perhaps other kinds of decomposition. Dyer and Wright [45]
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report that the dissociation into isocyanate and alcohol is one

of the reactions of urethane decomposition. Law 175], heating PU

polymer with diol in stoichiometric excess of diisocyanate, noted

spectrometrically the appearance of free isocyanate groups at about

350*C. He heated the sample at the rate of about 70C%/ec. At least

some depolymerization should be noted at lower temperatures for PU

propellant burning near its Pdl' where the maximum rate of heating

of the burning surface is estimated to be about 5*C/sec. The

endothermic effect of the depolymerization and other reactions cools

the burning surface.

The melting temperature of PU polymer has been measured by

several investigators. Varney [1271. by DSC tests with a slow A
I

A
heating rate (5 - 800C/min), observed thaL an Estane-type PU binder

melts at 222°C and at 342*C, the liquid binder becomes very fluid,

followed by a boiling-like activity. A similar melting temperature

(215°C) is recorded by Shannon and Erickson (116). They also adopted

the DSC technique with the heating rate of lOOC/min. Bouck, et al. [20]

report that rupture of a PU film occurs at 317 0C when it is heated at

the rate of 300'C/sec. However, their thermogram shows that the

onset of endothermic effect occurs at a further lower temperature

about 200*C. As is inferred from those works, the PU binder melts

at temperatures far lower than the active AP decomposition tempera-

ture [14, 15].

A significant effect of depolymerization on the Pdl is found

in PLMA propellants (Figure IV.6). More than 85 percent of the solid

loading is required for those propellants to minimize the melting

I
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effect compared with 80 percent for PU-fueled propellants. The

depolymerization of polymethacrylates is well known [51, 81).

The influence of melt-zone thickness on ease of burning is

perceived from the experimental results with the unimodal PU propel-

lants. The propellant containing the finer oxidizer particles has

the higher P A relation may exist between the size of oxidizer
d1*

particles contained in a propellant and the melt-zone thickness near

its P dl With this idea, the computed thermal wave thickness near

the Pdl and the particle size of AP contained are compared in

Figure IV.15 for several unimodal PU propellants. The thermal wave

thickness, a measure of melt-zone thickness, is seen to be roughly

proportional to the oxidizer particle size.

The high Pdl (more than 5 atms) of the propellant fueled with

fluorocarbon binder appears mainly due to the incrtness of the polymer

as Peterson, et al. [99] suggested. The results of high-heating-

rate thermal analysis by Bouck, et al. support this view. They

observed that the film of a fluorocarbon polymer did not rupture

at temperature more than 500*C and its degradation was little affec-

ted by an oxygen environment. The fluorocarbon-fueled propellant

burns very slowly, compared with the propellants fueled with the

other kind of binder, and the burning is erratic near the Pdl'

suggesting that this polymer also may experience melting to some

degree.

3. Highly-Oxidized PU Propellants

The burning of the bimodal PU propellants with AP loading more

than 80 percent is normal in the sense that it is not erratic and is

steady to very low pressures (Figure IV.l). However, these
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prGpellants exhibit a very strange burning behavior, observed also

for the PBAA and HTPB propellants; a more highly-oxidized propellant

burns more slowly and has a higher Pdl (Figure IV.4). An explanation

is necessary for this unexpected behavior.

In order to explain this contradiction, we introduce some

postulates applicable to all three binder systems. The basic idea

to work in is that with bimodal AP we bave a very rich unimodal

propellant (with fine AP) in which large AP particles are dispersed.IILet us postulate that the regression rate of a propellant Is deter-

mined by the regression of contirtuous phase (polymer with fine AP).

We again postulate that the decomposition rate of large AP particles

is so low that it contributes little to the oxidative pyrolysis of

binder. The other postulates, as already inferred and applied

previously, are that much of the polymer goes to gas via oxidative

pyrolysis and that the burning rate is primarily determined by the

surface temperature and thus likewise by the heating rate.

Most of those postulates are based on experimental observations.

Now we are seeking their justification by closely examining their

applicability to various experimental results. Although all three

binder systems may have the common origin of abnormality in their

burning behavior, the detailed processes are different depending

upon the binder. Thus, the explanation is separately given for each

binder system.

With more than 80 percent AP in bimodal PU propellants, the

amount of melt is not enough to cover effectively the AP particles

to produce erratic burning and then give a high P However, the

melt can laterally cover the AP particles to reduce the AP
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decomposition surface. Still, the heat of melting has the effect

of cooling the burning surface. By these effects, the burning rates

of those propellants are very small near their P dl The residence

time of a polymer particle inside the thermal wave is so long that

it is subjected to further combustLion-modifying processes after

melting in the depth of the propellant. The PU polymer by further

changes, probably by cross-linking processes, may actually become a

drier solid matrix as it approaches the burning surface. The AP

particles are relieved from the melt coverage and can react.

The large AP particles do not decompose as fast as the fine AP.

The deocmposition products of fine AP particles promote the oxidative

pyrolysis of the binder in their vicinity. Thus, the decomposition

front of the polymer matrix including fine AP, procceds faster

leaving the large AP particles and associated polymer decomposition

intermediate behind. The rich gases from the decomposition front

of the continuous phase (the polymer and fine AP) flow through the

porous bed containing large AP particles and enter into the gas

phase, where they react with the oxidizer-rich decomposition products

of the surface layer. In this manner the observed surface layer is

inferred to be formed.

We further infer that the existence of this surface layer is

responsible for the strange burning rate behavior of highly-oxidized

bimodal PU propellants. The overall regression rate of those propel-

lants seems to be governed by the rate of decomposition reaction of

the continuous phase. The energy necessary for this endothermic

reaction comes mainly from the gas phase reaction and also from the

exothermic oxidative pyrolysis. Apparently, the large AP particles
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act as an inert energy-absorbing medium, so that the more highly-

oxidized propellant actually has a lower effective temperature at

the controlling reaction zone. Moreover, the thicker surface laver

as observed for the more highly-oxidized propellant lessens the

effective energy feedback from the gas phase. Thus, the burning rate

is less for a more highly-oxidized propellant.

The role of copper chromite catalyst increasing burning rate

is not well known. From the tendency that a catalyzed PU propellant

ejects AP, it appears that copper chromite promotes the decomposition

of AP, of finer particles more effectively. With the help of the

oxidizer decomposition products, the oxidative pyrolysis of binder

could be still prominent for catalyzed propellant even at low

pressures. The resultant faster burning rate gives a higher surface

temperature and the heating rate of the polymer is so high that

little time is available for the polymer to melt.

When some of the AP is replaced by the same amount of aluminum

powder, the burning rate is probabl/ increased by the hotter flame.

4. PBAA Propellants

The PBAA propellants do not exhibit a significant effect of AP

particle size on the Pdl (Figure IV.5). They were the fastest-burning

propellants among the binder systems considered (Figure IV.4) and

eject a large amount of AP particles at low pressures when made with

bimodal AP. Again, the chemical nature of this binder, as producing

little melt during decomposition and giving high reactivity, largely

dominates the observed burning phenomena.

The PBAA polymer does not readily melt during the course of

degradation as inferred previously from the photos of the extinguished

4

ii
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surface of the PBAA-fueied propellants. Supporting evidence comes

from the results of DSC tests by other investigators (116, 127].

One can also perceive its liraited-melting behavior from its chemical

structure. The PBAA binder, obtained by reacting the carboxyl groups

in prepolymer with the epoxy groups in Epon, is cross-linked by

ester-linkages. The ester-linkages are not expected to be so

reversible as urethane-linkages [51]. Hence, melting by depolymeri-

zation is less likely to occur for PBAA polymer. The physical

melting also seems more difficult for this polymer than for PU.

A high decomposition temperature of PBAA binder is predicted

by its thermally stable structure. Varney reports that the decompo-

sition of this polymer starts at 337*C and reaches a peak at 407*C.

High-heating-rate tests by Bouck, et al. show the film rupture

temperature of this polymer to be 464*C. Another chemical nature

of the PBAA binder is that this polymer is more vulnerable to oxida-

tive degradation than PU, due to the double bonds and reactive

allylic hydrogen atoms on its backbone.

These properties of PBAA binder are the suggested fundamental

explanation for the burning behavior of PBAA propellants. High

temperature can be obtained by this polymer without degradation to

liquid. Furthermore, as inferred from burning rates higher than

for PU and IITPB propellants, the burning surface temperature is

also greater. Likewise, the maximum rate of heating is greater,

estimated for PBAA propellants burning near P to be 50 - lO0°C/sec.
dl

Thus, the combustion-modifying changes PBAA polymer may undergo in

very slow heating conditions cannot occur.
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Although the non-melting and the reactivity of the PBAA binder may

explain the observed insensitivity of the P of propellants fueled
dl

witO this polymer to the oxidizer particles size and loading, there

are many more questions to be answered. Note from Figure IV.14

that the limiting burning rate and flame temperature are much

higher for a unimodal propellant containing the finer AP than one

with a larger AP but the pressure deflagration limits of all propel-

lants are nearly the same. Those extinguishment phenomena cannot

be explained by the burning rate alone. The relative decomposition

rates of AP and binder appear to be important. As mentioned previous-

ly, if AP particles are too fine, they decompose too fast on the

burning surface leaving momentarily a fuel-rich burning surface. By

stoichiometry, a moment later, the flAme becomes rich in fucl with

the rich surface decomposition. At a low pressure, a propellant may

stop burning at this rich stage. The kind of instability inferred

above appears to be the cause of the observed extinguishment behavior

of unimodal PBAA propellants.

One of the prominent characteristics of PBAA propellants contain-

ing bimodal Al' is the ejection of AlP particles. In order to explain

this phenomenon, we employ the postulate applied for the burning

behavior of bimodal PU propellants. The continuous phase containing

fire AP particles regresses faster than the large AP particles.

Differing from PU propellants, PBAA has no molten layer to cement the

large AP particles to the surface. The large AP particles may also

decompose slowly and produce some oxidizer gases to help the decomposi-

tion of the continuous phase. When the regression front of the contin-

uous phase passes, the exposed large AP particle is simply released and

n2
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driven away by the decomposition gases of the continuous phase. Before

an oxidizer particle is fully exposed, it is also pushed out by some

mechanism as indicated by the holes shown on the extinguished surface.

One proposed mechanism is that reaction with gas generation occurs at

the polymer-AP interface and the particle is flipped out. This is

possible for the PBAA propellants which have supposedly a higher burning

surface temperature than PU propellants. An alternative mechanism is

that thermal expansion of rubbery material puts the surface under com-

pression and the AP particles are squeezed out. If the surface were

molten, the compressive stress would be relieved by flow.

The burning-rate behavior of bimodal PBAA propellants, the more

rich propellant burning faster, can be explained by the premise

postulated for PU propellants, namely, that the large AP particles

are somewhat inert with respect to surface reactions. Large particles

are simply flipped out of the surface with their sensible heat. As

a result, the burning surface beht,.rwx cocltr with fewer AP particles

parti cipating in reaction. Actordingiv, ihe regression rate of the

continuotis pls-se ;iccomns slwtr.

5. 1IT'l'l -1 )r.rgi -..;n t.--

'ihe 1TP6 bindQ r shows a i)ei;avior intcrrredliate between those of
Pij nid PIMA iinucrs (Figure ;V.4). t mei is tu some degree, and

eject, .comk, A' particles.

Vi in re,; t rh ti, uepolysnerizat oil i'? polymer shouild be

regardd is a poyur'e cbane. The Wi'1PB pce,olymer funccioas as a high-

molecular weignt diol, and Lhe curing agent used was a dilsocyanate.

21
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Thus, the cross-linking bonds of HTPB polymer are similar to Estane-

based PU while its backbone is polybutadiene. it shares the depolymer-

ization melting with PU but its physical melting and reactivity of

the backbone are similar to PBAA. The melting temperature of HTPB

polymer is expected to be higher than PU. Bouck, et al. report the

rupture temperature of HTPB fimr is 494'C. The fundamental differ-

ences of lITPB melt from the PU melt lie in the reactivity and the

temperature of melting.

The HTPB polyner, supposedly having a higher melting temperature

than PU, can attain higher temperat,|re without melting. Moreover, the

burning rate of the HTPB propellants ar, gr-,ater than the PU propel-

lants so that the maximum heating r'ate of the polymer in the propellant

burning near its Pdl is grcater, estimated to be 10 - 15*C/sec and

also the surtace temperature is higher. With those factors and the

higher reactivity of IHTPB polymer, the effect of polymer melt is

less pronounced for tiTPi polymer than for PU. The polymer melt is

oserved to exiSt even onl the burning surface of HTPB propllants

loaded with high )erceont of oxidiZ, r burning near its 1dl* The small

amount of melt existing on the burning surface help retain the large

AP particles from ejection. The best low pressure stability of

HTPB propellants of high-oxidizer loading among the three binder

systemn considered appears to hev obtained by the better combustion

efficiency than for P'BAA propellants and the faster burning rate than

for the PU propellants.



CHAPTER V A

INTRINSIC INSTABILITY

A. BACKGROUND

The oscillatory burnini: behavior of solid propellants when burned

near their low pressure deflagration limit is very interesting in

relation to the combustion instability problem of rocket motors. The

oscillatory burning most frequently observed in a solid propellant

motor is excited and sustained by a coupling between the combustion

and the oscillating acoustic pressure. Strand combustion in a large

strand bomb is very nearly an open process, not likely to couple

with dynamic proce;ses in the chamber. Therefore, if any oscillation

is observed in strand burning, it could well be a property of the

propellant and its combustion. It is conveniently called "intrinsic

instability" or "intrinsic oscillatory combustion."

The solid propellant burning process con >its of solid preheat,

gasification, combustion and energy feedback to the surface. If the

propellant is homogeneous and uniform, combustion being one-dimensional

and adiabatic, then the process is monovariant in the steady state; it

becomes uniquely determined if one process parameter is specified.

Given a suJtabl.c model for the proce,;s, one can Investigate the

stability of the combustion process by the usual methods of perturba-

tion analysis, checking under what condiL-,ns a transient or periodic

I-
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perturbation introduced in the process increases or decreases with

time. If the disturbance decreases with time, the process is ascumed

to be stable, oLherwise, unstable.

The stability analysis of a combustion zone has been performed

by numerous investigators in connection with) the motor stability.

The resultant t'pression for the combustion stability has been con-

veniently expressed as the pressure response function, the ratio of

mass flux perturbation to the perturbation in chamber pressure.

Deni3on and Baum [42] were among early investigators concerned with

the intrinsic instability of solid propellant ccombustion as a

special case of the general instability prol'em in rocket motors.

Applying the perturbation method to their version of the governing I

equations, they were able to express the instability criterion of the

combustion zone itself in terms of steady state parameters. The same

form of final result was deduced by Culick [40] in his review of

unsteady burning of a solid propellant. Culick cast the results of
E

several theoretical investigations of unsteady burning into a pres-

sure response function of general form:

m'/m nAB-- -- =(V-l)
p Ip A + A/) (, + A) + AR

where m is steady mass burning rate; p is pressure, the prime indica-

tes the perturbed value; n is the pressure exponent in the burning

n
rate law, r = ap ; A and B are dimensionless parameters differing for

different combustion models; ). is a complex function of the complex

2

dimensionless frequency, w./r ,

A,(A - 1) = i ; (V-2)

.__ .__ __ ...
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(L is the thermal diffusivity of the solid; w is the complex angular

frequency; and r is the linear regression rate.

Culick presents the intrinsic mode of instability will occur at

the condition giving an infinit.e value of the real part of the

response function; i.e., m'/m finite as p'/p vanishes. The response

function will become infinite when tlw- denominator of Eq. (V-l)

vanishes;

- ) + ),A(B - 1) + A = 0 (V-3)
Eq. (V-3) gives a formular for X which, when substituted into

Eq. (V-2), gives tor the real and imaginary parts of 2

+ I A(B - 1)14A - (.' - AB + 1)2 1 / 2  
(V-4)

22"

1
= A + -, A(S - l)(, - AB + 1) (V-5)2

Since " originally appeared as i in harmunic time variations, -i is

the perturbation growth factor. For stable transient motions i 0

and i. n Eq. (V-5) leads to

B + 1 > A(B - 1)2 (V-6)

Tne real frequency at the stable and unstable houndary is obtai.ed

by putting Eq. (V-6) into Eq. (V-4):

0 1/2 (V-7)
0

Those results are the same as Denison and Baum originally derived

wit, their own expressions for A and B both positive, real quantities.
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Eq. (V--6) predicts tile stability criterion and Eq. (V-7) gives the

frequency of oscillations of tile self-excited, intrinsic mode of

ins tability.

In the Denison and Baum model, the parameters A and B are ex-

pressed in terms of more familiar physical and chemical parameters;

E (

)

3 - 11( + I + __(v-8)

where E s is the activation energy for surface reaction; Ts burning--

surface temperature; R, universal gas constant; c and c, specific
p

heat of gas and solid, respectively; Tf, flame temprature; n, burn- I
ing rate exponent; Eft activation energy for gas phase reaction.

For normal solid propellants, the intrinsic mode of oscillation

as suggestcd above has inot been observed experimentally in a strand

burner before. Contrary to the prediction made by one-dimensional

theorv as above, there have been some observations which rather

support the three-dimensional aspects of the osciulatory combustion.

Price [48, 105] proposed thv concept of preferred frequency explain- I

ing the burning behavior of aluminized propellants in a motor test.

The propellant-like material, pellets of AP and aluminum, was obser-

ved to exhibit the phase-correlated oscillatory burning behavior even

in a strand burner (105]. Thie explanation offered for these phenomena

is that aluminum alternately accumulates on and sheds from the burning

surface.

Boggs and 'eckstead [17] developed the layer-frequency concept

noting the failure of one-dimensional theory to correlate experimental
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nonacoustic combustion instability data for some propellants. They

found the discrepancy between theory and experimental data was more

serious in PU propellants than in CTPB propellants, and at higher

burning rates more than at lower burning rates. For propellants

containing AP with a bimodal particle size distribution, two fre-

quencies were observed. Boggs and Beekstead viewed the one-dimensional

model as not valid when the thermal wave thickness is approximately

the same as the mean particle size of AP and proposed the layer-

frequency concept stating that there is a characteristic time related

to the size of AP particle. The characteristic time (Ti) of the

burning of an oxidizer particle is obtained by dividing the charac-

teristic distance associated with an oxidizer particle (D') by the
I

averaged regression rate (r) of the burning surface:

D'

Ti 1 (V-9)

The characteristic distance, D', is calculated as the edge of a cube

of propellant containing one oxidizer particle of D. diameter, assum-
1

ing uniform, cubic spatial distribution of particles. The ratio of

the oxidizer volume to the total volume of the cube is expressed by

the composition and the densities of the fuel and oxidizer:

3-D X.

D'3  XT + (Pox/Pb)(1 - XT)
i

where 1). is the particle size; D', the characteristic distance defined
1 i

above; X,, the weight fraction in the oxidizer of -,articles with

D i XT, the total oxidizer loading; p ox' the density of oxidizer;
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Pbt the density of fuel. The rearrangement of the above equation gives

the ratio of an oxidizer particle size to the characteristic distance

(Ki = Di/D i ):

xi 
11/3

K . = 1 1 3 . (V- l)
1 (/6)[X T + (poxh/ )(1 - XT)]  "

b T

Thus, the frequency associated with Di is

F. 1 r K r
D i 1

Bogg aid Beckstead reported that Eq. (V-12) better predicted the

frequency trend at higher burning rates.

Eisel [47] also observed two-frequency behavior in bimodal PU

propellants during his spectroscopic study of nonacoustic instability

in a low-L* burner, lie found that the frequency predicted by Eq.

(V-12) was close to the measured value for the large AP particle but

was off by an almost constant factor for the smaller particles. The

frequency of bulk-mode instability was noted to be controlled by the

fine AP particles. Also, he found a mode of oscillation in composi-

tion and temperature which was not coupled to the pressure excursions

and termed it local intrinsic instability. He was not able to

identify the origin of the local instability, which had the frequency

about 60 to 80 Hz regardless of AP particle size.
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. TATA ACQUISI1ION .AID REDUCTION

Thf- frequency daLa on the oscillatory burning were gathered

during experimients intended to measure the steady burning rate and

the P dl. Tile fluctuation of the force transducer signal was the

main source of information, while the photocell and thermocouple

output provided supplementary data. As briefly stated' in the pre-

vious chapter, the regularity and the distinctness of oscillatory

burning were very much dependent on hinder type, oxidizer level and

pressure.

Figure V.1 shows force transducer signals for bimcdal PU, HTPd,

and I'BA propellants extinguished after initial forced deflagration A
at a pressure just below their P values. As tihe recoil force corn-

dl

pensator was not employed during the tests, those force transducer

signals contain botoi the contribution of the weight and that of the

coahbustion recoil. In the signal for the PU propellant, small fluctu-

atlons are seen riding on the large-period (on the order of 25 sec.)

node of oscillation. Similar signals were exhibited by most PU

propellants except an aluminized one in which the small fluctuations

were absent. Unimodal propellant gave an oscillation of only one

frequency. in the case of the HTPB propellant, the amplitude of the

small fluctuations is itself periodic, the period being interpreted as

the same as that of tile slow oscillation seen for the PU propellant.

The cessation of deflagration occurs around the maximum amplitude of

small oscillations, suggesting the oscillation growth is responsible.

Overall mass burning rate indicated by the mean slope of the curve is

also fluctuating with tile total growth and decay time of the small

i

h - =
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fluctuations, and with tie same period as that of the large-period

oscillations. In contrast to PL propellants in which the extinguish-

ment occurred at the point where the derivative of the oscillating

force takes minimum value, interpreted for this case as minimum

burning rate, HTPB propellant extinguished at the maximum amplitude

of the small oscillation. The data on the period of oscillation

for PU and HTPB propellants were obtained relatively easily compared

with those for PBAA propellants.

The force signal for PBAA prcpellants was very erratic in detail

as shown in Figure V.I. In UEK, the second oscillation mode was

hardly noticeable. The regularity of oscillation was a little

better in more fuel-rich PBAA propellants which also exhibited the

two frequencies more definitely. The catalyzed PBAA showed extremely

erratic burning. Thus the data on PBAA propellants are less accurate

than thoseon PU and HTPB propellants. The regularity and distinct-

ness of oscillations were better in the order of catalyzed PU,

aluminized PU, uncatalyzed PU, uncatalyzed HTPB, and the other

propellants.

In Figure V.2, the force signal and the light signal are presen-

ted together for a catalyzed PU propellant. The light signal was

detected by a photocell (1N2175) mounted inside the combustion chamber.

The regularity of the oscillations is apparent. The signals are from

the last portion of an unstaole burning which eventually resulted in

extinguishment. The amplitude of the low-frequency oscillation in-

creases continuously to the extinguishment point. It i& also noted

that the light signal tends to lag the force signal more as the

extinguishment point is approached.



m g

56
C. EXPHERIMEINTAL RESULTS

Comparison between the measured period of oscillaLion and the

priod predicted by Boggs and Bek,;tead's theory, Eq. (V-12) , Is

made for unimodal PBAA propellants in Figure V.3. The agreement is

excellent except for UDX, one with 15-micron AP. Since the deviating

UDX had the greatest ratio of thermal wave thickness to particle

diameter, it is the one Boggs and Beckstead would least expect to

conform to their prediction. For the other propellant as well,

however, that ratio is larger than the range in which Boggs and

Becksiead would assert that their prediction is valid.

It is also noteworthy teit suich good agreement with prediction

Js obtained with propellants containing PBAA, because when this poly-

mer is mixed with bimodal AP, frequency prediction is very unsatis-

factory. The PBAA-bimodal AP propellants burn (at low pressure) with

ejection of a considerable quantity of unburned AP, which fact

probably accounts in part for poor frequency prediction. The PAA.-

inonomodal AP propellants, on the other hand, burn with very little

A' ejection.

On Figure V.4, the low-pressure (near Pdl ) oscillatory burning

data for PU propellants containing bimodal AP are plotted as period

vs. burning rate. Two distinct periods are found, the ratio being

approximately the same as that of two particle sizes. The influence

of AP particle size in determining the oscillatory period appears to

be firmly established. However, the predictions of the layer-frequency

theory for those bimodal propellants are not so good as they are for

the unimodal PBAA propellants discussed previously. Although the
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propellant, cuonidered itl Li:i!; oscillatory burning study are not

the same in details of their compositions, it is reasonable to

consider them togcther because they contain the same mixture of

coarse and fine AP particles. The constant K, appearing in the

layer-frequency theory does not vary appreciably among different

propellants. The values of oscillation periods predicted by the

layer-frequency theory do not fit the data except for a catalyzed

propellant, LIFA, for which the shorter-period oscillations were per-

ceived but could not be analyzed. It is interesting to notice hat

the slop, of the points for thie short-period oscillations of the

unctalyzed propellants are close to unity and the periods are off

bv a constant factor (approximately 1.5) from the layer-frequency

predictions. This discrepancy is the same as that arising from

Lisel's observations, referred to previously.

It is apparent that the long-period data for uncatalyzed PU

propellants do not fit layer-frequency predictions. The applicability

of the one-dimensional modiel of D)enison and Baum [42] was examined for

a fixed value of .,. The reference line with 2 of 25 (arbitrarily

assumed for best fit of data) is shown to correlate the long-period

data for both catalyzed and uncatalyzed propellants. Even for a

single propellant UFA, the slope of the line correlating the data

points is close to -2. Now some promise for the one-dimensional

theory is in vicw. A closer analysis of the UFA data, which are

the most accurate, gives a 2' value slightly higher than 25.

We are in the position of having results for uncataiyzed propel-

lants supporting, if not necessarily confirming, the layer-frequency
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predictions. Certainly it is apparent that bimodal AP leads to two

oscillation modes; yet, the catalyzed bimodal AP propellants show

only one pronounced oscillation mode, with an indication that tile

frequency is predictable by a theory having no reference to AP

particle size or other physical dimensions. Results with other

propellants do not help in clarifying this dilemma.

Similar information on oscillatory burning for PBAA and HTPB

propellants is presented in Figures V.5 and V.6, respectively. The

layer-frequency theory fails to predict the period of oscillation

for most PHAA and HITPB propellants except for the catalyzed PBAA

propellant, UEZ. Even there, only one oscillation mode is seen. The

burning of PBAA propellants was so erratic that two frequencies were

hardly identified from the force transducer signals of more oxidizer-

rich propellants. The long-period oscillations, being erratic and

irregular, were observed for some very fuel-rich propellants (UEO,

UEP) but the layer-frequency theory does not predict the observed

frequencies. Tne long-period data for uncatalyzed fuel-rich propel-

lants and data for catalyzed propellants are scattered around the

1 = 5 line. The short-period modes of several propellants cluster

around a line for .. 25. Although two frequencies were observed for

all the uncatalyzed 1ATPB propellants considered, none of the observed

frequencies were predicted by the layer-frequency theory. Again,

the one-dimensional theory with = 15 correlates the long-period

oscillations. For the short-period mode, a line with 2- 100

approximately represents the data.
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In Figure V.7, the long-period data, being relatively distinct

and representative of each binder system, are summarized. The one-

dimensional theory with Q equal to 20 correlates all the data quite

well.

At this point, a comparison with related studies is relevant.

Mihlfeith, et al. (871 were able to locate the critical frequency

corresponding to a maximum in the flux response function by a newly

developed experimental technique. The critical frequency found by

them should be comparable with the intrinsic frequency observed in

this study if the one-dimensioual theory is valid. Mihlifeith's

blackened and catalyzed PU propellant (UCX), which has a very similar

compo.;ition to UFA in this study, showed the critical dimensionless

frequency a little bigger than 30 which compares well with the

intrinsic frequency of UFA. Also, it is marked that UCX showed the

sharpest resonance point as UFA exhibited most distinct and regular

oscillatory burning in this work. The results for translucent PU

propellants in their study are also in fair agreement with those

blackened ones of this wotk. The weak maximum response shown by

PBAA propellant!; in their study is also consistent to the observa-

tions in this program; the oscillatory burning behavior was least

regular in PBAA propellants as repeatedly emphasized. Nevertheless,

the response of UCW and UCV in their study are in moderate agreement

with that of UFM and UEZ respectively, in this work. In addition,

the frequency of intrinsic instability observed by Eisel can also be

reduced to the dimensionless frequency around 20.

I
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D. DISCUSSION OF RESULTS

1. Stability Analysis b Denison-Baum Theory

The experimental results as described above indicate that the

frequencies of the oscillatory burning are of a contradictory nature,

being in part, related to the particle size of the oxidizer and in

the other part, having nothing to do with the particle size and

being proportional to the square root of the regression rate. In

order to resolve the contradiction, we are forced to infer that the

composite propellant combustion inherently contains two types of

instability; one due to the heterogeneity of the composition and

another related to the overall combustion processes. Depending on

the burning conditions, one of them becomes prominent and is observed.

As Boggs and Perkstead Ruggested, one-dimensional theories of the

unstable combustion need a modlfication so that the instability

produced by the heterogeneity of the formulation can be included.

Since the modes of oscillations whose periods are proportional

to the thermal wave times in the solid seem to be predominant for

most bimodal propellants near their low pressure t, the instability

unrelated to the oxidizer particle size appears to account for the

extinguishment of those propellants at low pressures. The applica-

bility of one-dimensional theory is examined by the Denison-Baum

model. A Denison-Baum type instability diagram is drawn in Figure V.8

in terms of A and B instead of the reciprocal of B. The boundary

between the stable regime and the unstable regime is determined by

Eq. (V-6). The unstable regime is also divided by two regions,

2oscillatory and nonoscillatory, by the equation g 4A, where
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g I + A(I - B). The frequency of oscillation in the unbounded

oscillatory burning regime is in dimensionless 'orm,

1 g 2 4A - g (V-13)

To predict the intrinsic instability of solid propellant burning

by Denison and Baum model, four parameters, Eft Es, if and T., must

be known. The measured value of flame temperature in this study is

in the 1200 - 1500*K range. The surface terrperature can be estimated

at about 600'K from this study and other investigations. One more

constraint for the application of one-dimensional model is that the

dimensionless frequency for an intrinsic oscillatory burning should

be around 20. The results of a parametric stu'y are shown in

Figure V.8. With the values of Ts, T and Q observed in thP. study,, Tf 0 hcvd nt suy

Ef 1 20 kcal/mole and E - 60 kcal/mole appear to establish the sta-

bility criterion within the framework of the Denison-Baum model.

2. Criticism of the Denison-Baum Type of One-Dimen3ional Theory

Before one claims the success of Denison-Baum model for predic-

ting the oscillatory burning behavior of composite solid propellants

at low pressures, other matters should be considered. One of the

criticisms is that acceptance of the theory requires belief that the

activation eaergy for the surface reaction is equal to or larger

than 60 kcal/mole, a physically unrealistic value. As Minlfeith,

et al. [87] showed, the incorporation of the condensed-phase heat

release does not permit one to take a more realistic value of the

activation energy.
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The activation energy for gas phase reaction, 20 kcal/mole, as

needed for the interpretation of the observed periods of oscillations,

might be regarded as supported by the experimental data of the furnace-

auginented burning rates and flame temperatures as described in

Chapter VI. However, E of 20 kcal is inferred there for relatively
f

stable burning, and the value of E approaches zero as the stability
f

limiL is approached. The calculated zero activation energy for the

gas-phase reaction indicates that the condensed-phase processes are

rart controlling near the limiting pressure, a view also supported

by the int,,rmitteit burning data of a fuel-rich PU propellant inside

the heated furnace (refer to Appendix D).

Those observed modes of oscillation whose frequencies are

predicted by the oxidizer particle size either contradict the

one-ajimensional theories or, at least, deny their general applica-

bility. rother contradictory observation was made by Eisel [47],

who observed gas-phase composition fluctuations during unstable

burning. Thle necessary inference is that There are also fluctuations

in the composition of the surface material, and further that the rates

of decompositioin of the oxidizer and the fuel fluctuate out of phase

during unstable burning. A more rigorous theory concerning the

urstt,.ady composite propellant combustion should take composition

ilctuations into account.

3. Adv;ncement of an Alternative Theory

Tho failure of t:,e conventional one-diniensional theories is

noted in explaining the observed oscillatory burning behavior of

composite propellants at very low pressures. The failure appears(L

I
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to be attributable, at least in part, to neglect of the compositional
I

fluctuations during oscillations. Most conventional one-dimensional

theories assume the condensed phase to be homogeneous and are based

on the simplified laminar flame theory for the gas phase flame. By

the usual simplifying assumptions, the gas phase molecular species

conservation equations are dissolved into the energy equation. Thus,

the oscillatory feature is embodied in the temperature oscillation.

Those theories have been successfully applied to the pressure-coupled

oscillat-Nry burning. Those theories, however, are not adequate to

describe the oscillatory burning of solid propellant at constant

pressure: only a unique frequency can be exhibited by the unstable

burning of the composite propellants near their low pressure limit by

conventional Lheories.

A more versatile and rigorous theory should allow the fluctua-

tion of the composition as was observed experimentally. In order to

al'ow the variation of compositions during oscillatory burning,

we need at least one unique gas-phase-species continuity equation.

The fluctuations in the gas compositions are due to the dispropor-

tionation of the oxidizer and binder decomposition rates. Not only

the linear decomposition rate of each ingredient but the decomposition

surface as well can affect the mass evolution rate of each ingredient.

F,-- -irplicity, the linear decomposition rate of each ingredient can

be xpressed in an Arrhenius equation.

Then, the mass gasification rates of the binder and the oxidizer

are expressed as follows:

S p b exp (-Eb/RTs,b) (V-14)

b 0
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mox = SoxpoxAox exp (-E ox/RT s ' ° ) (V-15)

where m is the mass burning rate: S, the burning surface area; p,

the density; A, the pre-exponential factor; E, the activation energy;

R, the universal gas constant; T , the burning surface temperature;

and the subscripts b and ox denote the properties of the binder and

oxidizer, respectively. At steadv burning conditions, the mass

ratio of the decomposition prohitets of the oxidizer to that of

the hinder (4-) is the same ms the mass ratio of the oxidizer to the

binder in the virgin propel lait. ( ~b E
k s b : e_ ) --b. (V -1 6 )• Sb/k~ " RTs~ RTso

If the regression surface of the propellant were flat, the surface

ratio, Sox/Sb, would be simply the volumetric ratio of the oxidizer

to the binder in the propellant. Since, because of the heterogeneity,

the surface exhibits irregularities on the scale of the oxidizer

particles, the actual ratio of the burning surface area should take

the fact into account. Following the procedure of Beckstead, et al.

[10], we find the corrected ratio of surface areas, p:

S II
ox h 2SS- -- 6 ) + 1 (V-17)

DDb

where c is the volumetric ratio of the oxidizer to the binder in

the propellant; h, the height of the protruded part of the oxidizer;

and Do, the diameter of the oxidizer particles. The geometric

factor h/D can be written (10]:

DO  + rb  t gn
+ r. (V-18)

D0 3 bx) 0
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where rox and rb are the regression rates of the oxidizer and binder,

respectively, and t1 gn is the ignition delay time.

Under perturbed burning conditions, Eq. (V-16) gives

E T' E T'
h . j + ox ' . (V-19)

RTs,b Ts,b RTsox s,ox

Equation (V-19) enables the description of fluctuations during

unstable burning.

From Eq. (V-19), It is seen that the fluctuation in the concen-

tration is affected by the surface areas and the surface tempera-

tures of the oxidizer and the binder. In an actual burning situation,

the surface temperature fluctuation of the oxidizer is assumed to be

much less than that of the binder on the grounds that the oxidizer

particle protrudes above the binder surface so that it makes close

contact with the flame. If the surface temperature fluctuation of

the oxidizer is small enough compared to that of the binder, Eq. (V-19)

is reduced to A

, , Eb  T'

S RT- Tb (V-20)
s,b s,b A

It is rioted that tie oxidi'er/binder ratio in actual propellant is

usually less than the stoichiometiic ratio so that any positive

increment in .' should produce a hotter flame. In addition, from

Eq. (V-17) and Eq. (V-18), it is seen that a positive increment in the

binder surface temperatur,,, producing an increas, in its regression

rate, results in in increase it) the oxidizer/fuel surface area

ratio.

=e = -
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Thus, the oscillatory burning at low pressures may happen in

the following way. Consider a small increment in the flame tempera-

ture. The increased flame temperature produces an increase in feed-

back heat flux, which increases the binder surface temperature.

With a lag, the oxidizer/fuel ratio decreases to give a more fuel-rich

decomposition gas which decreases the flame temperature. However,

after a short time later, the fuel-depleted surface, being oxidizer-

rich, increases the oxidizer/fuel ratio to increase the flame

temperature. In this way, the interaction between the rate of

decomposition and the surface area ratio could be a possible forcing

mechanism for the low-pressure oscillatory burning, even extinguish-

ing the flame under certain conditions. In an unimodal propellant,

a single mode of interaction is expected, while a bimodal propellant

can generate two modes of interactions; one is between the fine AP

particle3 and the binder and the other is between the coarse AP par-

ticles and the binder containing small AP particles.

It is shown above how, from the heterogeneity of composite

propellants, one can rationalize the composition-driven oscil3atory

burning behavior at low pressures. Of course, the complete descrip-

tion of the model neLds the conservation equations of energy and

species in the solid and gas phase. Here, we are just suggesting

another possibility of the unsteady burning model at low pressures.

Other information about tha oscillatory burning near the limit-

ing pressures can be obtained from soma of the records of force and

light intensity signals. On Figure V.9 are presented the analyzed

results of a typical oscillatory burning test of UFA propellant such

L



67

as one shown on Figure V.2. The mean (over one period) burning rate

decreases as the extinguishment point is approached, but both the ii
amplitude and the period of the oscillation increase. Above all it

is interesting to see that the phase lag of the light signal to the

force signal seems to approach r/4 as the extinguishment point is

reached. These observations pertain to all records obtained, but

the local period-to-period excursions are Tandom. Any successful

unsteady burning theory should be able to explain these experimental

observations. We suggest that these observations should be valuable

guides in establishing a satisfactory theory.

| : = = = : . .. . . . . .. .. .



CHAPTER VI

EFFECT OF SUPPLEMENTAL ENERGY ON BURNING AND EXTINGUISHMENT

OF SOLID PROPELLANT AT LOW PRESSURES

A. BACKGROUND
I

Low pressure extinguishme&-,t has been explained in terms of

combustion inefficiency and intrinsic instability in previous chap-

ters. As discussed briefly in Chapter IV and more thoroughly in

Appendix A, the extinguishment at low pressures was observed to be

strongly influenced by experimental conditions, by the conditions at

the edge of the flame zone in particular. The boundary conditions at

the edge of the burning surface is an inevitable inhierent limitation

in a strand burner technique. With an experimentally tractable strand

size, the transverse heat losses tr3m the combustion zone could not be

eliminated completely, although the losses were less significant when

a larger strand size was used. Even then there remains the radiative

heat loss from the burning surface to the cold surroundings, which is

increasingly more important as the pressure approaches the limiting

pressure. At those low pressures, a considerable nortion of the

energy feedback from the gaseous combustion zon. to the burning sur-

face is lost by the thermal radiation from the burning surface. It is

one of our major concerns to see how the stability of combustion is

improved when the compensation for the heat losses is made by an

external heat flux.
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The heat loss and the combustion inefficiency were not intro-

duced in the phenomenological argument of intrinsic instability since

the mechanism of instability can be described without reference to

them. However, in any complete theory they must appear at least in

the parameters because they determine the range of burning conditions

in which instability is manifested. For example, heat loss and combus-

tion inefficiency appear in the A and the B parameters of Denison and

Baum's theory.

No extensive work has been done on the effect of external flux

on the low pressure extinguishment of the composite solid propellant.

Ohlemiller and Summerfield [92] have studied the radiation-augmented

burning of a PBAA propellant, with an arc-image furnace as the radiation

source. They were able to make the propellant sustain combustion at a

pressure as low as 0.007 atms by a radiation flux 9 cal/cm 2sec; without

the augmenting flux it would quit burning at 0.05 atms.

On the subject of the burning rate augmentation by external

heat flux, there have been several experimental and theoretical

studies [3, 34, 58, 62, 73, 74, 77, 87, 98, 126]. Some investigators

[3, 98, 73, 74, 126] were concerned with the burning rate augmenta-

tion in translucent propellants by external radiant heat flux,

ascribing the increased burning rate to the preheating of the propella.it

sample by the penetrating heat flux. In this case, the effect of ther-

mal radiation was shown to be equivalent to an increase in initial

zemperature [3, 73, 74].

Horton and Youngberg 162] were able to predict the burning surface

temperature and the heat of decomposition of a composite propellant

by comparing the burning rates of externally burning strands inside

. .. ...
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a temperature-regulated furnace with those of internally burning

Ugrains. Thomson and Suh [126] have reported that thermal radiation

has an insignificant effect upon the burning rate of a double base

propellant. Their experiments were carried out at extremely low

2
pressure of 0.07 atms for a range of fluxes from 0 to 1.5 cal/cm sec.

The absence of significant effect may be due to the relatively high

burning rate of 0.08 cm/sec at the pressure. Hertzberg (58] made an

investigation on the laser-induced combustion of ammonium perchlorate

at atmospheric pressure. Mihlfeith, et al. [871 measured the effect

of radiation heat flux on the steady burning rate of several composite

propellants at atmospheric pressure. A burning rate increase up to

30 percent was indicated in their study with the maximum heat flux

2
14.85 cal/cm sec. They also computed the heat of decomposition

for the propellants tested using their data. Coates and Kwak [34]

used a stainless steel tube heated up to 950C to measure the burning

rate dependency on the incident external heat flux at low pressures.

They found the burning rate of flurocarbon propellants at 0.68 atms

could be enhanced as much as 100 percent by a heat flux of 2.642I
cal/cm 2sec.

In this work, regression rates and flame temperatures were

measured in a furnace for two composite propellants burning at very

low pressures. Also, the effect of external heating on extinguishment

pressure was investigated.
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B. EXPERIMENTAL PROCEDURE

1. Burning Rates and Flame Temperatures

The quick-heating furnace described in Chapter III was used as

a source of the external flux. The experimental methods for burning

rate and for flame temperature measurement are, in most parts, the

same as those described earlier except for the introduction of exter-

nal heat flux. The sample of 1.25 cm X 1.25 cm cross-section and

2.4 cm long was ignited in the unheated furnace in the pressure-

adjusted combustion chamber and permitted to regress to about 1 cn

before the furnace power was turned on. Cooling nitrogen was continu-

ously introduced during a test at a rate of 4 liters per minute. The

weight of the sample was continuously monitored by a force transducer

and the flame temperature was simultaneously measured by a thermo-

couple in the gas phase. The variation of the furnace wall tempera-

ture was also recorded during a test along with the force transducer

signal on a Speedomax two-pen recorder. The ;:hermocouple signal for

the flame temperature was separately recorded on an Electronic 19

recorder.

A question inevitably arising for this sort of experimental

arrangement is whether a steady state is attained during a test

since the unburned part of the sample could be continuously heated

by thermal radiati- incident on its sides. The best answer to this

question can be furnished by tracing the burning rate continuously

during a test. This was done for a catalyzed PU propellant, UFA,

burning at a pressure just above its low-pressure deflagration limit.

The results are shown in Figure VI.l, where histories of burning

rate, flame temperature, and furnace wall temperatures are shown.
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Different symbols indicate two differenL runs. Almost immediate I

response of the burning rate and the flame temperature to the furnace

wall temperature is noted. The burning rate rises to a new level and

remains there, strongly suggesting the relative insignificance of

sample side heating during a testing period. Supporting evidence is

that the burning surface remained flat at least for the period concer-

ned. When the furnace temperature used was over 750*C, however, a

conical burning surface at the edge of the flat burning surface

appeared lest than a minute after the power was turned on. The

slight effect on temperavure and rate of cooling nitrogen used to

protect the sample sides is revealed by comparing the results of two

runs. Even without nitrogen cooling, the fl8M2-induced convective

flow around the sample was likely tc protect sample sides from quick

heating. The reproducibility of burning rate measurement is also found

to be excellent.

The data reduction of burning rate tests was straightforward.

The burning rate before and after the furnace was powered was obtained

by taking an average slope of the force transducer signal over an

appropriate time interval. The interpretation of flame temperature

data was complicated by the spatial distribution of temperature In

the flame. As shown in Figure V1.l, the flame temperature steadily

decreases as the burning surface regresses away from the thermocouple

bead, initially at a rate of about -3*C/sec or -24 0"C/cm. The

maximum thermocouple temperature shown when the furnace reaches the

set temperature is not what it would be if the thermocouple bead

were still located near the burning surface. Therefore, the
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thermocouple temperature of the flame was deduced by adding the incre-

ment of thermocouple temperature due to furnace heating to the initial

thermocouple temperature which was taken from the early part of the

thermocouple signal. The increment of thermocouple temperature in

the furnace was taken as the difference between the maximum furnace-

augmented thermocouple temperature anc a temperature the thermo--

couple would have at the time of the maximum thermocouple temperature

if the furnace had not bee.A turned on. The latter temperature was

determined by linear extrapolation of the first part of the flame

temperature history. The reproducibility of the flame temperature

measurement appears to be good on Figure VI.1, bit It was not so good

in general. The poor spatial positioning cf the thermocouple bead

inside the flame cross-section is presumed to be the main reason,

evidenced by an almost fixed temperature rise regardless of the

thermocouple temperature before the furnace was turned on. The

reproducibility of the flame temperature rise was good. Hence, the

temperature rise rather than the temperature itself was counted more

meaningful. After radiation correction was made on the measured

thermocouple temperature by the method described in Chapter IV, the

final furnace augmented flame temperature of a run was calculated

by adding the difference between the corrected initial flame tempera-

ture and the furnace-augmented flawe temperature of the run to the

averaged initial flame temperature of many runs carried out at the

same experimental conditions.

2. Extinguishment P:essuire with External Energy Supply

The go/no-go test was Inadequate to determine the low pressure

deflagraticn limit with e, ergy supply because it would need the

i
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exposure of a sample to the incident radiant heat flux for too long

a time. The depreasurization method was adopted with a rate of

n, ressurization slow enough to give a minimum pressure, the necessary

rate of depressurization thus depending upon the propellant kind. An

extensive study on this subject was made and the results are reported

in the next chapter. For the normally burning propellants considered,

-i
the rate of depressurization required was about 0.042 sec for UFA,

-I -1
0.006 sec for UED, and 0.075 sec for UEK, respectively. The rate

of depres'urIzation was not determined by the orifice size alone. It

was affected by many other factors, principally th pressure-dependent

gas generation rate, the flow rate of cooling nitrogen, and the dump-

tank pressure as the extinguishment pressure approached the dump-

tank pressure. The situation became further complicated by a limita-

tion or, the allowable exposure time of samples under furnace heating.

Thus, some preliminary investigation of sample preheating was needed.

The effect of sample preheating on the extinguishment pressure

was investigated and the result is discussed in Appendix A, Section 4.

It is concluded that to limit the error in extinguishment pressure

within 5 percent, the sample center temperature should not be allowed

to increase more than 10C . The sample heating rate was measured

for various furnace wall temperatures and sample sizes. The results

are shown in TableC.II. It is shown that a cylindrical strand of

1.43 cm diameter and 2.54 cm long is heated up from 210C to 31*C in

56 seconds when the furnace temperature is 750*C. The sample used in

this study was a parallepiped of 1.25 cm X 1.25 cm X 2.40 cm which is

similar to the sample tested above. Thus, the contribution by an

increase in strand temperature would be negligible if the burning
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of a sample is brought to extinguishment within approximately one

minute after the furnace power is turned on. This conclusion is also

supported by the burning rate measurement as described In the previous

section.

Further standardization was needed for the purging rate of cool-

ing nitrogen. As is discussed in Appendix A, Section 3, the effect of

nitrogen cooling was significant. To be consistent with the standard-

ized method for deflagration limit measurcment, a quiescent nitrogen

environment would be needed. This condition could not be met because

the purging of nitrogen was needed Lo minimize the sample preheating.

A faster rate of cooling nitrogen would be more effective for the

cooling purpose alone. However, a flow rate more than 4 liters per

minute was not adoptable because it appreciably raised the system

pressure limit. Thus, 4 liters per minute was chosen for a standard

rate of nitrogen purging.

It was understood that to get any meaningful data from extinguish-

ment tests in the furnace, two rather conflicting experimental con-

ditions must be met: the rate of depressurization should be sufficiently

slow, as discussed in Part B.2 of this chapter, and the propellant

burning should be brought to extinguishmenc within one minute after

the furnace power was turned on. These conditions were easily met for

the faster burning propellants such as UEK and UFA for which relatively

high rates of depressurization may be used. For UED propellant, which

has the slowest burning rate among the propellants considered in this

study, the results are least reliable.

The exticgulshment tests for UFA, LIED, and UEK propellants were

carried out by the following sequence:
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(1) The desired fu'nace temperature was set at the

controller.

(2) An orifice of proper size to meet the critical

depressu; ,..ation was chosen and mounted (refer to

Table C.III, Appendix C).

(3) The initial chamber pressure was chosen to be

approximately two times as high as the expected

extinguishment pressure (refer to Chapter VII).

(4) A sample of 1.25 cm X 1.25 cm X 2.40 cm was mounted

on the force transducer and the combustion chamber

was filled with nitrogen.

(5) The cooling nitrogen was introduced at a previously

determined rate; the nitrogen flow rate was adjusted

before a series of tests to give 4 liters per minute

when the chamber pressure was 0.067 atms.

(6) The hand exhaust valve was adjusted to give a con-

stant chamber pressure with the introduction of purging

nitrogen.

(7) The sample was ignited by a heated nichrome wire

(0.011 gage) and the chamber was depressurized by

opening the main exhaust valve. Both the weight and the

pressure signals were recorded on a Speedomax two-pen

recorder.

(8) The furnace power was turned on when the chamber

pressure reached a level slightly high-r than the

Pdl measured for the propellant without furnace

dln



II
i 77

(9) If the rate of depres',uriz.rfl. , was too slow to

extinguish the burning thin one minute, the test

was repeated with a bigger orifice.

The tests on the TPF 1006 propellant which has a very high Pdl

were made with a fixed orifice size of 0.318 cm. The furnace power

was on before the depressurization was started. Since the rate of

depressurization by the 0.318-cm orifice was still relatively high

for this slow burning propellant, the extinguishment pressures measured

would not be the limiting values independent of the depressurization

rate. As the extinguishment occurred, in most cases, at pressures

before the orifice was dechoked, the extinguishment pressures were

determined by the fractional rate of depressurization as well as the

energy supplied.

C. RESULTS AND DISCUSSION

1. Transient Response of Low Pre~sure Burning to External Heat Flux

On Figure VI.2 are shown the transient responses of the burning

rate and the flame temperqture of a PU propellant at a pressure

slightly below its pressure deflagration limit. An apparent overshoot

of the burning rate and the flame temperature is noted when the fur-

nace temperature reaches the pre-assigned value. The burning rate

change follows the furnace wall temperature closely and attains a

maximum value. There is a time lag of 3 to 5 sec - considerably less

than the relaxation time of the thermal wave. After staying the

maximum level for a while, the burning rate suddenly drops to a final

steady state value which is apprcciably lower than the maximum. The

same trend is found in the response of the flame temperature. This
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strange burning behavior was a characterisLic of PU propellants, being

miore distinct when the furnace wall temperature was less than 6000 C.

For furnace wall temperatures more than 700C, the difference

between the maximum and the final burning rate became less pronounced.

This peculiarity in the burning response of PU propellants is

likely attributable to the existence of the surface layer formed by

polymer melting and cross-linking as described in Chapter IV. The

overall deflagration distance during the transient response estimated

from Figure Vl.2 is approximately 1.1 mm which is comparable to the

deflagratlon distance during a long-period oscill.-ion for the same

propellant burning at about the same pressure. Also, this deflagra-

tion distauce is almost the same as the thickness of the surface layer

measured from a quenched sample. Thus, the explanation offered for

this phenomenon, compatible with the explanation of intrinsic insta-

bility, is as follows.

The surface layer containing large AP particles, polymer melt,

and cross-linked polymer decomposition products is slightly oxidizer-

rich and in a marginally stable state. It burns away rapidly when

additional energy is supplied, actually overshooting the new steady

state which is established later. This fast-burning state is thought

to be oxidizer-rich (relative to the propellant as a whole) on the

evidence of the transient increase in flame temperature. When the

external heat flux is rather strong, perhaps comparable to the heat

feedback from the intensified flame, the available oxidizer is not

sufficient to overshoot the more remote final steady state. Possibly

the flux provided by the furnace at 4000C is comparable in magnitude

to the flux excursions associated with oscillatory burning.
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2. Augmented Burnin Rateb and Flame Temperatures by External Heat

Flux

The dependencies of the burning rate and the flame temperature

on augmenting flux were measured for two PU propellants, a catalyzed

one, UFA, and an uncaLalyzed one, UED, at pressures slightly above

their low pressure deflagration limits. Figure V1.3 shows the burning

rate data for UFA propellant. A large increase in burning rates is

achieved by relatively weak external heat fluxes. As much as 45 per-

cent enhancement in burning rate is attained with a moderate heat

2
flux, 0.84 cal/cm sec. One striking feature is that the rate of the

burning rate increase, measured by the slope of the curve, alsor1
increases as the external flux level is increased. This is contrary

to the expectation that a finite increment of external heat flux would

constitute a smaller increment of the total feedback heat flux for a

higher burning rate. A possible explanation is found in the fact that

the external heat flux also stimulates a large gain in the flame

temperature which brings an extra heat feedback to the burning surface.

On Figure VI.4, similar information on burning rate augmentation

is given for an uncatalyzed PU propellant. It is notable that a

moderate external heat flux, 0.84 cal/cm 2sec increases the burning

rate as much as 140 percent at 0.05 atms, a pressure just below the

deflagration limit of this propellant. The initial burning without

external heat flux was barely sustained by the ignition aides. At

0.05 atms, the acceleration of the burning rate increase is not

exhibited, whereas it is at 0.06 atms. At the higher pressure, a

burning rate increase by 84 percent is induced by the same external

heat flux, 0.84 cal/cm 2sec.
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Figure VI.5 shows the enhanced flame temperatures of UFA propel-

lant under the fUrnce heating. Those data were taken simultaneously

with the burning rates. Radiation corrections and the data-reducing

procedures as described early in this chapter have been made for those

flame temperatures. Straight lines represent the data satisfactorily

and the flame temperature is raised by 200C at 0.05 atma and by 160C

at 0.06 atms respectively, with an external heat flux of 0.84
2L

cal/cm 2sec. It is noted that the flame temperatures for two pressures

approach each other as the higher heat flux is imposed. The combustion

efficiencies at both pressure levels appear to be much improved and

approach each other at those higher external fluxes.

The difference between the flame temperature of UED propellant

(Figure VI.6) at 0.05 atrms and 0.06 atms is large, being as much as

400*C when no external flux is introduced, whereas only 60"C differ-

ence is exhibited by UFA propellant. A marked increase in flame

temperature, as much as 7000 C, is observed for UED propellant burning
2si

at 0.05 atms with an external heat flux 0.84 cal/cm sec. It is under-

standable that an increase in the energy feedback to the burning

surface, either due to the increase in system pressure or by the added

external heat flux, have a more significant effect on the burning of

a slow-burning propellant than that of a fast-burning propellant. The

UFA propellant has a larger burning rate without external flux and

probably a greater combustion efficiency to start with.

3. Further Interpretation of Burning Rate and Flame Temperature

Data under Furnace Heating

In the previous section, a qualitative explanation has been

offered for the observed burning rate behavior under furnace heating.
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An attempt is made in this section to find values for thermorhemical

and kinetic parameters from the data. Some fundamental difficulties

are expected in applying a phenomenological combustion model to these

experimental data. One of the major problems is our ignorance about

the combustion inefficiency which accompanies low pressure burning.

Another problem comes from the possibility that the external heat

flux might not only augment the burning rate but also alter the burn-

ing mode at the low pressures. There is, how %.r, no unambiguous

evidence for this possibility. It is nevet- . s felt that some

analysis with simplified models may be just. " .

a. Activation Energy for Gas Phase Re.action

Denison and Baum's simplified model, which assumes a laminar

flame in the gas phase, is adopted. Coates (30] has shown the adequacy

of the simplification and some success has been claimed by Coates

and Horton [31, 321 in their application of the model to the extinguish-

meit of solid propellants by rapid depressurization. Coates and Kwak

[33] also applied this theory in correlating their experimental data

on the augmentation of burning rates by external heat flux. Further

justification is provided by the fact that the very low pressure

considered in this work makes less objectionable the application

of a laminar flame theory for premixed gases to poorly mixed gases;

the rate of diffusion becomes faster than the rate of reactiot. at

very low pressures.

According to Denison and Baum, the gas-phase reaction rate is

cxpi,.-cd by :ip followIng eq.-tic -:

n n+1 -Ef/2RTf
r - C p Tf e , (VI-l)

I
EI
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where C is a constant and the other symbols are as defined in the

previous chapter. In the steady state, the gas phase reaction rate

should be the same as the deflagration rate of the condensed phase.

Thus, the gas phase reaction rate can be substituted for by the

regression rate of the condensed phase. Eq. (VI-1) suggests that the

plot of log [r/(pn Tf n+l)] versus the reciprocal of Tf would give a

straight line of slope (-Ef/4.606 R).

This is done in Figure VI.7 for both UFA (catalyzed) and UED

(uncatalyzed) PU-fueled propellants. The data for UFA propellant

both at 0.05 attos and at 0.06 atms are fairly well together, while a

considerable discrepancy exists between two sets of data for UED

propellant. There is some doubt that Eq. (VI-I) is a good represen-

tation of the data for either propellant. It is, however, seen that

a straight line of Ef . 25 kcal/mole correlates the UED data at

0.06 atms. In contrast, a straight line fails to fit UED data for

0.05 atms. A better representation would be a curve gradually level-

ing off as the flame temperature is decreased. A similar and clearer

tendency is shown by UFA-data for both pressures. The curves could

perhaps be represented by two straight lines, a declining line and a

horizontal line, as the flame temperature about 1160*C as a breaking

point. When the flame temperature is higher than this temperature,

the straight line of Ef . 20 kcal/mole correlates the data for both

pressures reasonably well. The data for flame temperatures lower

than 1160 0C are better represented by a straight line of zero 3lope.

An explanation is offered for this sharp change in the apparent

activation energy of gas phase reactions. A modification of the

burning mechanism is suggested to occur during the course of increasing

= -=----==-== m----- _ _
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external heat flux, as speculated previously. Foi flame temperatures

lower than the critical value (116U*C for UFA, about 1800*C for UED),

controlling processes for the low-pressure burning may exist in the

condensed phase, and the gas phase reaction rate becomes limiting

for the flame temperatures higher than the critical value. The

augmenting external heat flux required to increase the flame tempera-
2

ture to the critical level is in the range of 0.4 to 0.6 cal/cm sec

for UFA propellant and Is about 0.8 cal/cm 2see for UED propellant.

The increased burning rate at the same augmenting flux level for each

propellant ic abnut 0.16 mm/sec for UFA and 0.11 mm/sec for UED,

respectively (Figures VI.3 and VI.4) which corresponds to the flux-

unassisted burning rate at the pressure about 0.07 atms for UFA and

0.1 atn= for UED respectively (Figure IV.l). From these results, one

may infer that propellant burning becomes controlled by condeued-

phase processes from a pressure slightly higher than the Pdl'

b. Net Heat of Gnsfication

Another application of the furnace-augmented burning rate and

temperature data is to estimate the net heat of gasification as done

by Mihlfeith, et al. [87]. For their experimental conditions, they

assumed the change in the flame temperature was negligible under the

irradiation by external heat flux, which turned out to be not true in

our case. Horton and Youngberg [62] included the contribution of the

flame temperature rise in their computation of the net heat of gasifi-

cation. However, their employment of a rough energy feedback law

makes their method less attractive. There is no direct way to measure

the net heat of gasification. Values computed from temperatures and
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ri.te measurements are, as pointed out by Mihlfeith, et al., a function

of the assumption made.

Nevertheless, the computation of the net heat of gasification was !

made using the method adopted by Mihlifeith, et al., hoping that a

comparison could be made with their results. The heat balance at the

burning surface gives

f - rpdc(T - To) + ql (VI-2)

(f-Ts '[c(T _ T )+q (-3)

q c(T - T ) (VI-4)O( r/ f) T  0

where f is the total energy Incident on the burning sdrface and q is

the net heat of gasification. If the quantity Or/30f) can be deter-
T

s
mined experimentally, Eq. (VI-4) provides a means to compute the net

heat of RIsIftlation. In this work it was found that the burning

rate Is In - ed .'ot only by the direct heat flux but also by the

additional h.. flux from the gas-phase flame of increased temperature.

Although the latter effect is probably not negligible, it is, for the

present purpose, assumed to be so. The burning rate-external flu-:,

relationship, though not linear, is taken as linear. With these simpli-

fications, the net heat of gasification was calculated for each case

and is listed in Table VI.I. When the burning surface temperature is

about 300*C which corresponds to C(TS -- To ) 
= 100 cal/g, the net heat

of gasification is barely exothermic (q negative). With the higher sur-

face temperature assumed, the net heat of gasification becomes more

- - - -
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exothermic. Due to the severe assumptions introduced, the absolute

values of Lhe heat of gasification cantt be concluded from thebe

result5 but we infer that the surfa-e decomposition reactions are,

taken together, slightly exothermic.

4. Extinguishment under Furnace Heat Flux

The dependency of the extinguishment pressure on the external

heat flux was measured for five typical propellants. The result for

four of them ire discussed in detail in this chapter. Propellants

chosen are reprehuntative of a group of propellants which have similar

burning charactetistics: an extremely slow-burning, uncatalyzed PU

propellant. UED; a cataly7ed PU propellant, UFA, as a representative

of pcopellatits of the Inteimediate burning rates; a fast-burning

PBAA propellant, UEK, %which ejects a large amount of AP particles;

and two high-Pdl propellants, TPF 1006 and UDF. For four propellants,

UDF being the exception, the extinguishment pressure could be lowered

to the system limit with the external heat-flux level attainable in

the apparatus. The fuel-rih Pl' propellant, UDF, behaved strangely.

Even with the maximum heat flux of the system, 1.64 -al/cm 2sec, a

steady burning could not be achieved for this propellant at a pressure

below its deflagration limit without, augmenting flux. Instead, this

propellant exhibited a repeated sequence of ignition, deflagration,

and extinguishment when exposed to augmenting flux. A detailed

description of this phenomenon is found in Appendix D.

On Figure VI.8, the deflagration limit of UFA propellant is

presented as a function of external heat flux. The extinguishment

pressure is lowered when the external heat flux is supplied. When

2
the external heat flux is greater than 0.7 cal/cm sec, the propellant
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burinng vatnnot be br'ought to exti g-i shment at the least pressure

attai nable. Lineat extrapolation indicates that the propellant would

burn at zero pressure when the external heat flux excecd.'i about

1.0 cal/cm'sec. If, of course, one could further reduc_ Lh presssurc,

other, as yet unobtrusive, effects would become prominent, and the

extinguishment pressure vs. external flux curve would deviate from

the simple extrapolation. There are three examples of procep.z'ec-

which might occur when the pressure approaches zero: (1) surface

reaction between oxidizing gases (from AP) and polymer would cease

as the mean free path approaches the distance between AP particles;

(2) AF' woild evaporate and escape at sub-ignition temperature; (3) the

behavior of UDF (intermittent burnfig). But the extrapolated minimum

flux for what appears to be near-ordinary burning is important. It

is tie least net surface flux at which ordinary burning could occur.

The corresponding furnace temperature, 650C for UFA, is the least

effective temperature for burning.

Figure VI.9 displays the effect of external flux on the extinguish-

merit pressure of UED propellant. The ;cattering of data is due to the

difficulty of experimentation with slow-burning propellant, as discussed

e.rlier in this chapter. Because of the sampke prehr.!ting problem,

the higher values of extinguishment pressure for a given flux are

consideued tne more accurate. The extinguishment pressure for zero

heat flux to be 0.063 atms was determined with cooling nitrogen passed

around the sample at a rate of 4 liters per minute, so that it is

appreciably higher than 'he Pdi of this propellant, 0.052 atms as

d#ctermined by the standard method. Less pronounced effects of cooling



87

nit rogen in thle CXt Liogul,51hjiel t prcssure wiis observ1d Lor fai . er

burning propellants sujch as UFA cind UEiK,

Again, interestingly, linear extraipolation (if tile data to zero

extingu.9hienL pressuie gives a orresponding external heat. flux

about. 0.9 to 1.0 cdl/c- SeC, supporting the interpretation applied to

UFA propellant.

it appears that. the augninted burning rate stabilizes tile combus-

tion to give the near-linear drop of extinguishment pressure with

respect to the external hear flux. In Figures V1.1.0 and V1.11, thle

heat flux-augmented buirning ratus -irc compared at the pressures near

tile extinguishment values for UFA and UED propellant respectively.I

The data were taken from thle weight Lransducer signals recorded

dajrirng the tests for determining extinguishment pressures. Fil1i-d

sytt bols indicate the burniag rate taken near the extinguishment

pretisure. Note that the burning rates at the extinguishmenit pressuresI
are nvarly the same for all the external flux levels considered,

although a slight decrease 1E experienced as the heat flux level 1.,

increased. The .imiting burning rate is approximately 0.1 mmIsec

for UFA propellant anti 0.045 mm/sec for tIED respectively. The near-

constant limiting burninj, rate is taken as an empirical fact useful

for further interpretation of the extinguishment data.

Based on the assumphtion of the limiting burning rate, termed

r dl * a mathematical description is attempted foi the extinguishment

data under the furnace heat flux. Ac;diltional assumptions are i&tde

to predict the lowerit.g of thle extinguishment pressure by external

heat: flux based on thle burning rate augmentation data neat the flux-

iassaisted deflagration limit of a propellait. It Is postulated that
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the same functional dependency oi the burning rate on the external

flux exists even at pressures below the deflagration limit and the

burning rate increases linearly with the external heat flux. Also

assumed is that the same burning rate law holds at pressures lower

than the deflagration limit of the propellant. A burning rate law

adopted is

rdl aPdl n  (VT-5)dll

By the assumptions as above, the burning rate of a propellant at a 1I
certain pressure, being augmented by an external flux, f r' is,

nI
r ap + 6f , (VI-6)

where P is the slope of burning rate-external flux curve, termed the

heat flux coefficient for convenience and f is external heat flux.r

By the assumption of limiting burning rate, extinguishment occurs

when r equals to r A, Thus, from Eqs. (VI.5) and (VI.6), the pressure

deflagration limit under furnace heating, Pf, becomes

Pf Pd i -rdl(' (VI-7)
rd)J

Eq. (VI-7) suggests that t.,e more significant effect is produced j

when the heat flux coefficient is bigger and the limiting burning

rate and the buining rete exponent are smaller. The deflagration

limit under the external heat flux can be predicted by Eq. (VI-7)

with the heat flux-augmented burning rate data at low pressure deflag-

ration limit. Applying Eq. (VI-7) to data for UFA and UED propellants,

cne finds that this linearized correlation predicts higher values of

extinguishment pressures than experimentally measured ones for UFA
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propellant and slightly lower values for UED propellant. The

simplifying assumptions are probably responsible for those discrepan-

cies. However, Eq. (Vl-7) does correctly predict the qualitative

nature of the phenomenon such as the slope of the curve being steeper

for UED propellant.

Due to the severe assumptions involved in its derivation, the

application of Eq. (VI-7) should be limited to a rather small external

heat flux. Eq. (VI-7) cannot be applied when Pf approaches zero, as

shown by the following argument. Differentiating Eq. (VI-7) with

respect to f r' we come up with the following equation:

dPf 1 6 Pd I - 1 (VI-8)-f n r dl d( r dl)

Eq. (VI-8) indicates that the slope of the curve (dPf/df r) at Pf 0

becomes zero or minus infinity depending on whether n is smaller or

bigger than one, which seems hardly credible.

On Figure VI.12 are shown the extinguishment data for UEK pro-

pellant. This propellant needs more than 1.0 cal/cm 2sec to reduce

the extinguishment pressure below the system limit. With an external

heat flux more than 1.05 cal/cm 2sec, the propellant burned out at the

system limiting pressure without showing a visible flame, which indi-

cates that the flame temperature is very low. At these very low

pressures and with high external !'eit fluxes, the condensed phase

regression rate of this propellant sreys h r. as a result of the high

regression rate of the continuous phase (polymer and fine AP particles),

most of the large AP particles being ejected. The reaction rate in

the gas phase is very low, which appears to be the cause of the very low

1
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flame temperature. This new phenomenon is presumed to make this

2q
propellant behave differently from UFA and UED propellants. However,

we find the extinguishment data below external heat flux 0.8 cal/cm 2sec,

where the new phenomenon is not significant, resembles those of UFA

and UED propellants. Linear extrapolation gives a minimum heat flux

2 2
about 1.1 cal/cm sec which is not very far off from about 1.0 cal/cm sec

for UFA propellant.

The extinguishment data for a fluorocarbon propellant, TPF 1006,

are shown in Figure VI.13. This propellaitt has a high Pdl of about

5 atms. The burning of this propellant was seen to be very erratic

2
when the external heat flux was less than 0.3 cal/cm sec. Also, the

burned surface was verv irregular and concave. The increased heat

flux above that value gave q normal burning and a flatter burning

surface. The burning surfact became perfectly flat when the external

heat flux was 0.7 cal/cm 2 : and had a tendency to be convex for still

hi. heat fluxes. On a semi-logarithmic coordinate, a straight line

approximates the data of this propellant well. Noticeably, air does

not provide a detectable effect in those higL extinguishment pressures

when it replaces nitrogen as an ambient gas, while the effect of

cocling nitrogen is still observed.

Because the chemistry of this propellant is very much different

from that of the other propellants, comparison of the extinguishment

data iq not attempted. We do note very large change in extinguishwent

presssre with external heat flux.

_ _ _ _ _ __ __ _ __ _



CHAPTER VII

EXTINGUISHMENT DURiNG DEPRESSURIZATION

A. BACKGROUND

In the early phase of this program, the slow depyessurization

method was used to determine the low pressure dflagration limit as

the asymptotic extinguishment pressure approached as slower rates of

depressurization were employed. It was observed that even very small

rates of depressurization had a significant effect on the extinguish-

ment pressure, though a lesser effect than observed when extinguish-

ment was achieved by rapid depressurization.

The object of this subprogram is two-fold. One is to develop a

suitable way of determining the low-pressure limit and to see how

the low-pressure limit changes as less severe pressure transients are

imposed. Another object is to broaden our understanding of the

extinguishment during depressurization using the relatively easy

controllability of experimental conditions at low pressures. Although

the burning behavior and the extinguishment mechanism at low pres-

sures could be much different from those at high pressures, we pre-

sume the difference is in the relative influences of sub-processes

that are common to combustion at all pressures.

Notwithstanding much effort devoted to understand the extinguish-

ment during rapie depressurization, the mechanism of extinguishment

is not well understood. Both theoretical and experimental difficulties
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appear. From the theoretical point of view, the relatively well-

developed transient burning theories based on linear perturbational

analysis are not applicable to this situation, because large excur- -

sions from steady-state behavior are induced. The inadequate
I

understanding of the steady-state burning mechanism itself is an

obstacle.

Experimentally, several problems have been encountered, although

the extinguishment itself is easily achieved, one being the diffi-

culty of the instrumentation for the rapid depressurization tent.

Some investigators [134, 1351 report difficulty in determining the

extinguishment point accurately enough. The exact pressure of extin-

guishment is an essential datum for judging the adequacy of predictive

theories. Only a few investigators [67, 68, 1291 have attempted to

determine the point of extinguishment precisely. Most other workers

have relied on the conventional go/no-go type of test which supplies

only very rough information on extinguishment mechanism. Another

experimental attack on this problem which has a poor yield of under-

standing is an attempt to measure the transient burning rates during

depressurization. If successfully measured, the rate transient would

give critical information on the extinguishment mechanism. Fletcher

and Bunde [50] deduced the transient burning rate by a mass balance,

using the pressure-time history of a propellant-containing chamber

during depressurization. For some cases, they inferred that the

transient burning rate first rapidly increases above the initial

steady-state value before eventually decreasing to zero. Their

conclusion is not widely accepted because of many uncertainities

involved in their calculation, such as the nozzle opening time, the
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gas temperature inside the combustor and the nozzle coefficient of

discharge. A technique using microwave reflection from the surface

has been adopted by several investigators, and some results have

been reported (117). However, the reliability of those data are

still also in doubt. Recently, Yin and Hermance [137) have measured

the transient burning rate by continuously monitoring the electrical

capacitance across the burning surface. Their results show that the

burning rate at any pressure during depressurization is higher than

the steady-state value at the corresponding pressure. As the capaci-

tance across the flame is the least reliable quantity to be measured,

their results also remain oncertain. Thus, there is no generally

accepted way to measure the transient burning rate during depressuri-

zation.

Experimental difficulties arise from the strong dependency of

the extinguishment process on the experimental conditions. The

burning rate becomes small at the last stage of the extinguishment

process, so that it could be strongly affected by heat loss and flow

conditions around the burning surface. Two types of experimental

apparatus have been used for extinguishment tests: a subscale

motor with variable venting, and a rarefaction tube in which propel-

land strands are burned. A motor may generate data of practtcal

value, but the results are of little use for testing extinguish-

ment theories. The pressure-time relationship is complicated by

the coupling between the combustion and the nozzle flow. Addition-

ally, in motor tests there are the effects of erosive burning and

the external heat flux coming from the heated hardware which surely

promotes reignition. In rarefaction-tube runs or in modified strand



94

bomb tests, the pressure-decay rates are little affected by the

strand burning. However, heat loss from the strand burninlg to the

cold surroundings promotes extinguishment. Those effects of the

experimental conditions introduce unavoidable errors which preclude

close examination of any existing theory.

In the following paragraphs, some of the related work is

reviewed. At first, the von Elbe-type theories are examined. Von

Elbe-type models lead to Eq. (II-1), (r2/o)/[-(d & p)/dt] - n/=

which could readily be inferred from dimensional analysis, but has a

basis in physical reasoning. Rather severe assumptions are intro-

duced in deriving the equation: a constant burning surface temperature,

a chemically inert solid phase, and a quasi-steady heat feedback law.

Furthermore, the solution is basically obtained by a perturbational

approach which is valid only if the deviation from the steady state

is small. However, if only the resultant equation is examined, one

can rationalize its occasional success. It is interpreted as expres-

sing that when the characteristic time of the change in process

conditions (represented by pressure) is less than the time required

for the thermal wave adjustment, which is the slowest process, then

departure from steady-state increases. In the case of depressuri-

zation, the departure is in the direction of starving the precombus-

tion processes of needed energy, with the consequence of extinguish-

ment. Eq. (II-I) implies that the extinguishment is determined only

by the instantaneous rate of depressurization. However, the experi-

mental results (for example, [83]), indicate that not only a certain

rate of depressurization but also a finite pressure drop is needed
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to quench a propellant burning. Hence, Eq. (II-i) is considered to

constitute the condition for the onset of instability as Cohen [35]

viewed, not to represent the termination point as the original

derivations imply.

Although Eq. (11-1) does not adequately describe extinguishment,

it has been applied, with some success, in correlating the extinguish-

ment data. Ciepluch [27, 28, 29) was the earliest investigator

who made a systematic experimental study of rapid-depressurization

extinguishment. Using a subscale motor, he inestigsted the extin-

guishment of PBAA and PU propellants during rapid depressurization

and of the occasional subsequent reignition. He reported that the

minimum pressure decay rate for extinction linearly increased as

tht initial chamber pressure was increased [27]. He later represented

his data in terms of the critical time required for the pressure

todecrease to one-half its initial value. A mild effect of initial

pressure on this critical time was observed [28]. His observations

for the compositional effect on the extinguishment requirement are

summarized in Table VE.H in comparison with the results of other

investigators. The mild effect of initial pressure for extinctioi

requirement is a tendency supporting von Elbe's representation. Later,

von Elbe [128] applied his theory to Ciepluch's experimental data,

assuming reasonably a depressurization history deduced from the

ballistic equation. His analysis indicates that the theory yields a

critical vent ratio only about 20 percent smaller than the experi-

mentally determined ratio.

An advanced interpretation of the von Elbe-type model has been

made by Cohen [35]. He viewed Eq. (II-1) as defining the requirement

11i
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for the initiation of extinguishment. He further believed that both

the L* extinguishment and the rapid depressurization extinguishment

are the same phenomenon caused by self-induced and externally induced

pressure perturbations, respectively. The permanence of extinguish-

ment is hypothesized to be achieved only if the pressure falls from

the initiation pressure to below the low pressure ignition threshold

level within the corresponding chemical induction time for reignition.

His view on the completion of extinguishment is questioned due to

the introduction of quantities of vague physical meaning, the ignition

threshold limit and chemical induction time. He reports that Eq. (II-l)

well predicts the rate of depressurization required for extinguishment.

Investigators at the University of Utah [26, 44, 831 have used a

rarefaction tube as a tool to quench the propellant burning. Blow-

down and first-rarefaction-wave presstire reduction were utilized to

extinguish the strand burning. They found that the initial tube

pressure has no effect on the extinguishment in blow-down runs and,

therefore, the fractional rate of pressure decay, -(d fn p)/dt,

is the determining factor for extinguishment. Their results on the

blow-down type of extinguishment tests are summarized in Table VII.I.

The pressures at the moment of extinguishment were not detected so

that the direct comparison with the von Elbe-type theories is not

possible. However, as the fractional rate of pressure decay is

nearly constant in a blow-down type of run until the nozzle is de-

choked, Eq. (II-1) is best checked at the minimum pressure where the

nozzle remains choked. This minimum pressure would be about twice

the pressure in the region into which the gases are vented [26]. With
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this postulated extinction pressure, the fractional rate of depres-

surization required for extinguishment is computed by Eq. (11-1)

and compared with the experimentally-determined value. It is seen

that the experimental results are well within the predictions of

Eq. (II-i) except for F propellant, which is a catalyzed bimodal

PBAA propellant. F propellant requires as much as eight times faster

rate of pressure decay for extinguishment than theoretically predic-

ted (based on A - 1). However, the Utah investigators have taken

the severe test of permanent extinguishment as the extinguishment-

nonextingulshment criterion. Since F propellant has strong tendencies

to reignite, they may have Judged the equation too harshly.

Mantyla [83] estimated the net heat of gasification, using his data

for extinguishment by the first rarefaction wave. His computation

was based on a hypothetical critical pressure ratio, the ratio of

the final pressure to the initial pressure, which would be required

to extinguish a propellant by an infinite rate of pressure decay.

The problems associated with extinguishment in motor firings

were also noted by von Elbe and McHale r129]. They avoided the compli-

cated problems by using a modified strand bomb. With the aid of a

simultaneously recorded photocell signal, the actual extinguishment

pressure was determined on the recorded pressure-time curve. The

instantaneous depressurization rate was also obtained from the tangent

to the actual pressure-time curve at the point of extinguishment.

They have reported that an excellent agreement exlstd between von

Elbe's theory and experimental data for a PVC-fueled propellant,

whereas the data for PBAA propellants show a fair agreement with

tthe theory in the intermediate pressure range, but definite departure j

-1
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from theory at the highest and lowest depressurization rates. They

have concluded that von Elbe's theory is a good first approximation

for predicting extinguishment of solid propellants.

An extensive experimental study of extinguishment by rapid

depressurization was made by Jensen [67, 68] using two large-

volume, small-grain motors, with end-burning and tubular grains. He

also obtained the extinguishment data from the actual pressure his-

tory of a motor. He has found that the von Elbe equation with A - 1

correlates the extinguishment data for most of the propellants

considered. The CTPIB propellant data show disagreement with the

theory at the highest and lowest depressurization rates, as von Elbe

and McHale noted for PBAA. Jensen also observed that the extinguish-

ment was easier when a vacuum exhaust pressure was used. He

concluded that the von Elbe type of combustion extinguishment model

provided a rough guideline for motor development work.

There is experimental evidence supporting the view that the

extinguishment during depressurization is not determined primarily

by the initial or mean rate of depressurization, but rather is

governed by the last part of the pressure history, over a small

pressure range. Schulz [1121 and later Baer, et al. [4] observed

that extinguishment by rapid depressurization was determined by the

final dump tank pressure rather than by the initial pressure.

Schulz's results show that a four-fold variation in initial pressure

(from 1.4 atms to 5.4 atms) does not produce a change in critical

dump tank pressure more than 0.02 atms for a fixed nozzle. Baer,

et al. made an Lxtenb~on of Schulz's work and found that the final
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dump tank pressure determined the extinction criterion within 0.01

I
atms when the initial pressure was changed from 6 atms to 13 arms.

More rigorous analysts has been attempted by various investiga-

tors [32, 60, 86, 135] to overcome the shortcomings of the von Elbe-

type models. Horton, et al. (60] solved the transient heat conduc-

tion equation in the solid numerically with the assumptions of

quasi-steady heat feedback law and constant surface temperature to

predict the depressurization extinguishment. They also allowed a

finite amount of endothermic net heat of guaification in their model.

Their model was claimed to predict their experimental data better

than Eq. (I-1). The numerical values of the net heat of gasifica-

tion, however, are very much uncertain. Mantyla [83] has shown that

their model predicts depressurization rates for extinguishment three

to ten times greater than those actually needed.

Wooldridge, et al. [135], Merkle, et al. [86] and Coates and

Horton [32] have improved Horton's earlier technique of solving the

heat conduction equation in the condensed phase to predict the extinc-

tion criterion with less drastic assumptions. All those investigators

have allowed the variations of surface temperature with the burning

rate in Arrhenius fashion. Both Woolridge, et al. and Coates and

Horton employed Denison and Baum's transient heat feedback law.

Besides, Woolridge, et al. included two kinds of the condensed phase

heat release, one pressure-dependent and another pressure-independent.

Thus, their model needs five more parameters to be assigned in

addition to the surface temperature at a reference pressure. The

model by Merkle, et al. is based on the granular diffusion flame

theory. Besides the surface temperature at a given pressure, two more
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parameter- are needed, the heat of decomposition and activation

energy for solid phase reaction. They assumed that the extinguish-

ment was actually achieved when the surface temperature reached

600*K. Coates and Horton circumvented the uncertainity in the heat

of decomposition by directly applying the Denison and Baum's heat

feedback law, which implicitly includes the heat involved in the

solid surface decomposition. With the surface temperature known at

a given pressure, their model also needs two more parameters, the

activation energies for the gas phase and the solid phase reactions.

They postulated that extinguishment would occur when the transient

burning rate dropped to 0.0127 cm/ser for all propellants. All the

investigators who devised more sophisticated models claim good predic-

tion of extinguishment conditions with their estimated values of

the parameters; however, the arbitrariness in the numerical value of

those parameters needs further justification.

In testing any existing extinguishment theory with the experimen-

tal data available, one finds that those data are too rough for

critical evaluation. One reason is the variation in propellant composi-

tions studied by the various laboratories. Experimental procedures

are different also. !n Table VII.11, some of the extinguishment

data are compared. Some invstigators report that no significanL

effect of the binder kind, while others say differently. Considerable

disagreement is shown to exist in the effect of oxidizer particle

size, the content of &luminum and the inclusion of catalysts.

What may be an invalidating defect in one-dimensional extinguish-

ment theories is suggested by the experimental observations by Schulz

[112] and Steinz and Selzer [121, 122]. Schulz observed by infra-red



101

spectrometry chat the ratio of oxidizer to binder species in the ga"

phase increases at the earlier stage of depressurization and later

decreases below the steady-state value. Steinz and Selzer have

reported that at a medium depressurization rate, the quench of the

first flame is followed by a development of a second flame which

preferentially consumes the oxidizer before dying out. There are

grounds for doubting the validity of any theory which does not

account for the compositional heterogeneity of composite propellants.

In this program, the accurate extinguishment data are gathered

to examine the existing theories. The transient burning rates

during depressurization are also measured. A comparison is made

between the low pressure deflagration limit measured by a go/no-go

test at fixed pressure and thct obtained by employing successively

lower rates ot depressurization.

B. EXPERIMENTAL PROCEDURE

1. Extinguishment During Depressurization

As seen by the literature survey, close control of the experi-

mental conditions is the key to reproducible, extinguishment data.

In order to attain a sure control of the thermal surroundings, the

combustion chamber was used as a tool for depressurization extinguish-

ment. Instead of attempting to simulate the adiabatic condition

for strand burning, fixed thermal surroundings were provided. For

this purpose, the nichrome-ribbon furnace was replaced by the cooling

coil described in Chapter I1, Section C. All the extinguishment

tests were carried out with samples of 1.25 cm X 1.25 cm cross-

section, 2.4 cm long under a quiescent nitrogen environment. The

sides of the sample were inhibited by Kry].on.

-i
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The various rates of depressurization [as -(d n p)/dt], ranging

from 5.0 sec -  to 0.003 sec- , were attained by connecting the combus-

t-ion chamber and the main dump tank with a line in which orifiVes of

eleven different sizes would be placed. In Table C.III in Appendix C,

the orifices and the corresponding fractional rates of depressurization

tion, which were calculated theoretically with the assumption ot the

ideal nozzle and Lo gas generation in the combustion chamber, are

shown. Without the propellant burning inside the chamber, the pres-

sure decay was fairly well approximated as exponeatial when the

rozzle was choked. The actual rates of blow-down had values between

the predicted rates for isentropic and isothermal blow-down. Even

when a propellant sample was burning inside the chamber, the history

of pressure changes was well represented by an exponential decay as

shown in Figure C.7. it is also shown that the actual rates of

depressurization compare well with the theoretical predictions when

the orifice size is larger than 0.318 cm. The gas evolution by

propellant burning, however, becomes significant when the orifice

size is smaller than 0.318 cm and the pressure is low. Although

the theoretical prediction of depressurization rate is not possible

for this case, thp constant fractional rate of pressure decay still

well represents the pressure history when the orifice is choked.

The detection of the extinguishment polnt was achieved by a

photocell (lN2175) or by the force transocer, depending upon the

rate of depressurization. When both sensors were used, they signaled

extinguishment at ne same time. The pressure signal was picked up

by a pressure transducer (Statham PA731TC-25-350). The light and

the force signals were recorded either by a camera-equipped

:1
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oscilloscope (Tektronix Model 564) or by a strip-chart recorder

(Leeds and Northrup Speedmax Series XL600 Recorder), depending on

the depressurization rate. When an orifice larger than 0,635 cm

was used, the extinguishment point was detected by a photocell and

the oscilloscope was utilized for recording signals. For the 0.635 cm

orifice or smaller ones, the depressurization rate was slow enough

that the weight transducer and th.. strip-chart reccrder served

better.

,ince it was intended to correlate the extinguishment pressure

in terms of the instantaneous rate of depressurization, a preliminary

study was made to determine if the initial portion of the pressure

decay affects the extinguishment pressure. The results for a

catalyzed PU propellant are shown in Figure VII.2. It is noted that

for the two orifices tested, the pressure at which depressurization

is begun does not affect the extinguishment pressure provided that

it exceeds the latter at least by a factor of two. This observation

holds for the other propellants studied. For the other data taken

during depressurizatioon and reported here, the initial pressure

used was, accordingly, more than twice the extinguishment pressure.

To establish a steady combustion before the depressurization

was started and to solve the difficult ignition problem at low

pressures, special procedures were needed. When the depressuriza-

tion was made from the combustion chamber alone to the large

vacuum tank, the propellant was ignited at a high enough pressure

that ignition was fast, then the :hamber was slowly depressurized

by venting to the auxiliary dump tank originally kept at a pressure

slightly lower than the desired initial test pressure. An auxiliary
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orifice was chosen such that the propellant was not quenched during

this preliminary depressurization. When the auxiliary dump tank

was coupled to the combustion chamber so that the extremely low rates

of depressurization could be used, the Ignition was made at the low

initial test pressure. Not only was the auxiliary dump tank unavail-

able for the first stage depressurization but too long a time was

needed to depressurize the chamber from a large pressure at which

ignition is easy. In this case ignition was slow; the deflagration A

was allowed to proceed more than 10 mm before the test depressuriza-

tion was begun in order that the thick thermal wave gnerated by the

ignition wire was consumed and a true steady state attained. In

this preparation step the chamber pressure was maintained at a con-

stant level by adjusting the hand exhaust valve.

The extinguishment tests were carried out in an automatic

sequence preset on two control timers. The first timer set the

time for ignition and deflagration before the first-stage depressuri-

zation was started. The second was designed to control the interval

required for the first-stage depreesurization and steady burning

before the main exhaust line was opened. A third timer was hooked

up to the main control sequence to trigger the oscilloscope, if

necessary.

With procedures as described above, the extinguishment tests

were carried out in the following sequence:

(1) An initial pressure and auxiliary orifice size were

selected which were adequate for the extinguishment

tests with the main orifice. Atmospheric pressure
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was, if possible, preferably chosen for the initial

pressure in most cases.

(2) The main dump tank pressure was kept at the lowest I
system pressure, about 0.02 atma, by continuously

operating a vacuum pump during a run. I
(3) When needed, the auxiliary dump tank pressure was

set at a pressure being 0.02 arms lower than the

I
desired initial pressure.

(4) The timers were set at appropriate times estimated

for the initial steady burning and oscilloscope

triggering.

(5) A sample was mounted on the weight transducer and the

cooling coil was put above the sample.

(6) When needed, the photocell was located inside the cool-

ing coil at a position about 3 cm from the sample so

that it viewed the flame.

(7) When necessary, the chamber pressure was adjusted to a

reference pressure, which was recorded by the oscillo-

scope camera along with the zero output of the photocell

signal. Then, the oscilloscope and camere were prepared

for a run.

(8) The combustion chamber was evacuated to the lowest

system pressare before it was filled with nitrogen gas

to a preignition pressure.

(9) A run was initiated by pushing the starting button.

The sequence was as follows: ignition, preparatory
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burning, first stage depressurization and steady

vburning at a constant pressure (initial test pres-

sure), the triggering of the oscilloscope, and the

opening of the main exhaust valve.

2. Measurement of Transient Burning Rate During Depressurization

To measure the transient burning rate during depressurization,

the force transducer was utilized along with the recoil force

compensator as described in Chapter III. An obstacle was encountered

during the first efforts to measure the transient burning rate with

the force transducer. As the sensor element of the force transducer

was contained inside a confined case, the signal of the force trans-

ducer was sensitive to pressure changes. Much improvement was

realized when a vent hole was drilled through the wall of the trans-

ducer case at a position opposite to the sensor hole; even then, the

influence of depressurization was detectible when the rate of depres-

surization was greater than about 0.5 sec Accordingly, the

successful employment of the force transducer as a tool for measuring

the transient burning rate was limiLed to the depressurization rate

lower than 0.5 see .1

Most of the steps of the experimental procedure for extinguith-

ment tests were also employed for the transieit burning ratc measure-

ment. The changes were that cylindrical samples 1.0 cm in diameter

and 2.5 cm long were used in the burning rate tests, and the cooling

coil was removed to make room for the recoil force comrensator.

11
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C. EXPERIMENTAL RESULTS

1. Extinguishment During Depressurization

Figure V1I.1 shows oscilloscope traces for two typical depres- 1.
surization runs. For both runs, the same fractional rate of de-

pressurization, 4.80 sec , was employed. A slow-burning, non-

catalyzed UEF propellant (polyurethane-fueled) is shown to be

extinguished above atmospheric pressure, while the fast-burning,

catalyzed UEZ propellant (PBAA-fueled) is not quenched until the

pressure reaches a very low value. Another difference noted between

the oscilloscope traces of UEF and UEZ propellant is the manner the

extinguishment point is approached. The luminosity of UEF propellant

burning, measured by the photocell, dropped very sharply to zero,

whereas the luminosity of UEZ propellant burning approached zero

gradually, making determination of extinguishment pressure difficult.

It appears that there may be a difference in the extinguishment pro-

cesses of these two propellants.

As briefly discussed in the previous section, the effect of

initial chamber pressure on the extinguishment pressure observed

was checked for UFA propellant and the result is shown in Figure VII.2.

For the two orifices employed, the initial pressure did not influence

on the extinguishment pressure when it exceeded the latter by a

factor of two or more. When the initial pressure was less than

twice the extinguishment pressure, the latter decreased as the initial

pressure was lowered, indicating that a finite pressure drop is

needed fir extinguishment along with a certain rate of depressuriza- J
tion. The pressure drop was more conveniently represented by the

pressure ratio between extinguishment pressure and the initial pressure
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when the latter affected the former. It is interesting that this

pressure ratio appears to remain at a constant value, approximately

0.5 for UFA propellant. Similar tests were made for UEG propellant,

which showed the ratio of extinguishment pressure and initial pressure

to be approximately 0.8, a value larger than the one for UFA pripel-

lant (the experimental results are not shown in this report). It

appears that the required pressure ratio for extinguishment is

dependent on the propellant kind. If the pressure ratio is interpre-

ted in terms of time, one may say that there is a finite time required

for extinguishment, a time needed for the completion of extinguish-

ment after a propellant burning is brought to an unstable condition.

This extinguishment time is longer for UFA propellant than UEG propel-

lant. In the experiments reported hereafter, the initial pressure

always exceeded the extinguishment pressure by more than a factor of

two.

The extinguishment data are presented in terms of extinguishment

pressure and the instantaneous fractional rate of depressurization in

Figures VII.3, VII.4 and VII.5. The fractional rate of depressuriza-

tion was obtained by dividing the actual rate of depressurization

at extinguishment (-dp/dt) by the extinguishment pressure. Tho

reader may refer to Table G.II for the detailed information on the

extinguishment tests for all the propellants considered. At least

two runs were carried out at each experimental condition. In general,

the reproducibility was quite good.

The extinguishment data for polyurethane-fueled propellants are

summarized in Figure VII.3. For each propellant considered, a

straight line correlates the extinguishment data at extinguishment

i
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pressures exceeding the asymptotic minimum by more than about a

factor of two. At very small depressurization rates, the rate no

longer affects the extinguishment pressure which, for these propellants,

approaches an asymptotic value in the neighborhood of 0.05 atms. It

is inferred that the existence of two distinct regimes of extinguish-

ment signifies the existence of two distinct mechanisms. It should

be noted that for a given extinguishment pressure in the high-rate

regime, the rate of depressurization required to produce extinguishment

is very much dependent upon the propellant kind, being greater for

the faster-burning propellant, UFA, than the slower-burning propellants,

UED, UFC, and UEF propellants; and being least for the propellant con-

taining the most polymer, UEF.

The extinguishment data for the high-rate regime strongly suggest

the applicability of the von Elbe-type expressions as represented by

Eq. (II-1), (r 2/a)/[-(dfn p)/dt] - n/A, which implies that a single

parameter, the ratio of characteristic times, provides the extinguish-

ment criterion. It is predicted by the von Elbe-type models that the

faster-burning UFA propellant requires a higher rate of depressuriza-

tion than the slower-burning propellants for extinguishment at the

same pressure. However, they fail to explain why the slower burning

lIED and UJFC propellants require more stringent extinguishment stimuli

than the faster-burning UEF propellant. Von Elbe's criterion must

be applied with caution.

Similar extinguishment data for HTPB and PBAA propellants are

given in Figures VII.4 and VII.5, respectively. The quenching curves

for these propellants show the same general features as those for PU
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propellants. Since the burning rates of these propellants are greater

than those of PU propellants, only limited portions of high-depressuri-

zation-rate regimes are shown.

Because of the popularity of von Elbe's criterion, the extinguish-

ment data are further reduced to compute the ratio of characteristic

times, - (dtn p)/(r2 /Ct), corresponding to each extinguishment pressure

and the results are listed in Table a II for all the propellants

considered. Also, the data for PU propellants are plotted in Figures

VII.6 and VII.7. To conform with von Elbe-type models, the ratio of

characteristic times should be a constant (0.5, 1, or 2) divided by

the burning rate exponent, and therfore should increase slightly as

the extinguishment pressure increases because the burning rate

exponent decreases as the pressure is raised at subatmospheric pressure.

Thus, n times of the ratio of characteristic tinies might be a better

coordinate than the ratio itself. This adjustment of the ratio is

not made in Figures VII.6 and VII.7, but the numerical values of n

at the extinguishment pressure are given In Table G.I1 for all data

points.

The extinguishment data presented in Figure VII.6 are for two PU

propellants containing more polymer. In the high-rate regime, where

the criterion should be applicable, the critical ratio of the charac-

teristic times remains at an almost constant level for each propellant,

approximately 2.3 for catalyzed UFA propellant and 0.5 for uncatalyzed

UEF propellant. It appears that a critical ratio of characteristic

times is a good extinguishment criterion for a high-fueled PU propel-

lant, but the value of the critical ratio is a property of the

particular propellant.

=I



A slightly different response to pressure transients is indicated

on Figure VII.7 for PU propellants with less polymer: a plain propel-

lant (UED) and an aluminized propellant (UFC). The ratio of charac-

teristic times at extinguishment varies greatly, from more then 2.6 to

about 1.3 in the high-rate regime. The multiplication of the critical

ratio by the burning rate exponent yields only a slight approach to

constancy. The von Elbe-type expression is less satisfactory in corre-

lating extinguishment data for these propellants than for the more

fuel-rich propellants, but is still judged to be a fair extinguish-

ment criterion for these propellants. Note that there is a tendency

for the critical value of the ratio of characteristic times to in-

crease as the pressure increases.

A similar, but more severe, variation of the critical ratio of

characteristic times with pressure is shown by all HTPB and PBAA

propellants tested (refer to Table G.1l, Appendix G). Similar to PU-

fueled propellants, the variation is less for propellants containing

more polymer (UEV, UEX, UEM, and UFB): the most variation is recorded

by the propellants containing the most oxidizer (UEW and UEK). The

von Elbe-type criterion is still useful, but only marginallj, for

describing the extinguishment of HTPB and PBAA propellants,

2. Transient Burning Rates

Figure VII.8 shows the burning rate as a function of pressure

for an uncatalyzed PBAA propellant (UEN). The solid line was obtained

for steady burning at fixed pressure. The data are for two different

tests for which the pressure was reduced at the fractional rate of

0.0 --1" 0.075 sec .The steady state curve is followed by the transient

i1
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data down to a pressure about 0.1 atms. AS the pressure drops

further, there is a marked difference between steady and transient

rates until about 0.05 atms where extinguishment occurs (filled

symbol). Clearly, for the experiment depicted in Figure VII.8, the

£burning of UEN propellant is responding very sluggishly to the

changing conditions as extinguishment is approached.

Measurement of transient burning rates was attempted for other

PBAA propellants, and similar results were obtained. However, due to

experimental limitations on the depressurization rate, the extinguish-

ment could be induced only in the low-rate regime where most PBAA

propellants exhibit erratic burning behavior. Consequently, the

burning rates taken from the force signal are of poor accuracy. A

similar problem was encountered with HTPB propellants. This difficulty

notwithstanding, the force transducer signaled the onset of unsteady

burning and indicated how slowly the extinguishment point is reached.

The extinguishment process occurred with less departure from

norma. burning when tests were made with high-fueled uncatalyzed PU

propellants. Figure VII.9 displays the burning rate of a high-fueled

PU propellant (UEG). It is remarkable that, for each of two

tests, the transient burning rate follows the steady state rate

faithfully all the way to extinguishment (filled symbols). Even when

the extinguishment of this propellant was induced near its low

pressure deflagration limit, the transient burning behavior was almost

the same as at higher pressures. A PU propellant containing more

oxidizer (UED) showed slightly sluggish extinguishment behavior near

-its P when the flame was visually observed but no significant
dl
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departure of the transient burning rate from the steady state rate

was detected. The sluggishness of burning rate response to pressure

transients appears to depend primarily on the nature of fuel type and

perhaps also on the pressure.

3. Comparison of Limiting Extinguishment Pressures Measured by

Depressurization Tests and the Pressure Deflagrati3n Limit

Determined by Go/No-Go Tests

An extremely interesting observation is that he extinguishment

pressure attained in slow depressurization tests was often lower than

the pressure deflagration limit determined by the constant-pressure

(i.e., zero depressurization rate) go/no-go test described in Chap-

ter IV. This anomaly is most pronounced with PBAA propellants, a

catalyzed one in particular. The extinguishment pressure produced

by glow depressurization (PE) is compared with the pressure deflag-

ration limit of each propellant determined by go/no-go tests (P

in Figures VII.IO, VII.ll and VII.12, for PU, HTPB, and PBAA propel-

lants, respectively. In the case of every propellant, a smaller P was

E

attained when a slower rate of depressurization was applied. Thus, it

should be noted that for HTPB and PBAA propellants, there was a

significant range of low rates for which PE was less than P
E~ d I

For PU propellants, Figure VIIIO, the least P values agree

well with Pdl values. However, only for the UFA propellant it is

assured that the asymptotic least value of PE was actually attained,

according to Figure VII.3. Quite possibly, the anomaly exists for

PU propellants also. All HTPB propellants exhibit least PE values

less than the Pdl' Still more pronounced differences are seen for
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PBAA propellants. The catalyzed PBAA propellant, UEZ, shows an

extinguishment pressure as low as 0.024 atms compared with its low

pressure deflagration limit, 0.037 atms.

An explanation is needed for this apparently contradictory

phenomenon that propellant burning can be extended to lower pressures

than the steady-combustion limit by slowly depressurizing the system

pressure and ]ower extinguishment pressure is attained by lower

rate of depressurization.

D. DISCUSSION OF RESULTS

The experimentally determined quenching curves (extinguishment

pressure vs. fractional rate of depressurization) of various propel-

lants are seen to consist of two distinct portions: a straight-line

portion with a non-zero slope for high rates of depressurization, and

another straight-line with a zero slope for low rates. There is also

a hybrid intermediate portion. For convenience and as inferred

previously, we term them the high-rate regime, th low-rate regime,

and the transition regime, respectively. The two extreme regimes indi-

cate that there exist two different mechanisms of extinguishment.

1. Extinguishment in the High-Rate Regime

As already pointed out, the sloped straight-line relationship

between the extinguishment pressure and the fractional rate of

depressurization indicates a tendency to support von Elbe-type

extinguishment concept. From Eq. (II-1), (r2 /ct)/[-(d £n p)/dt] - n/A,

if Vielle's law (r - apn) holds for the pressure range considered, a

straight line is resulted between log PE and log -(dZn p)/dt)

with the slope of 1/2n. The approximate applicability of Eq. (II-1)
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is shown by experimental results, suggesting that in the high-rate

regime the relative magnitudes of the rate of the externally-

imposed pressure reduction and the rate of thermal-wave adjustment

largely determine extinguishment.

The limitation of von Elbe-type expressions is obvious by the

fact that in order to fit the experimental data the critical value of

the characteristic time ratio should be allowed to be a property of

each propellant and also to vary with pressure. Certainly, processes

other than thermal-wave adjustment also come into action during

extinguishment. The justification of the usefulness of Eq. (II-i) is

based on the observation that the experimentally-determined values of

A are in a rather limited range, about 0.5 to 3.0, for most propellants.

Conclusively, the starvation of energy in the thermal wave by exter-

nally-imposed transient action is the major process of extinguish-

ment in the high-rate regime.

2. Extinguishment in the Low-Rate Regime

As lower rates of depressurization are used, the log-log plot

of PE vs. -(den p)/dt deviates from the simple straight line relation-

ship (transition regime) and PE approaches a limiting minimum value

unaffected by further reduction in -(d np)/dt (low-rate regime).

The limiting PE would be expected to be the least pressure, Pdl' at

which combustion can be sustained at fixed pressure. An anomaly

occurs that the limiting P is less than P for many propellants.

Thus, the low-rate regime is characterized by an action of pressure

reduction to stabilize propellant burning rather than to destabilize

it as in the high-rate regime. The observed anomaly is certainly a

L
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consequence of the finiteness of the depressurization rate. If the

rate approaches zero (i.e., is infinitely slow), PE should be equal

to Pdl' Thus, we expect a minimum in PE exists for a certain small

value (smaller than employed in this study) of the fractional rate

of depressurization.

We attribute extinguishment in Pdi experiments to an intrinsic

instability as discussed in Chapter V. Somehow a small but finite

-(Ltnp)/dt inhibitb the instability mechanism. A difference between

the experiments is noted. In Pdl experiments, propellant burns prior

to extinguishment through an energy-rich zone obtained during slow

ignition while in PE experiments propellant burns prior to extinguish-

ment through normal zones, since depressurization time is considerably =

bigger than the thermal-wave relaxation time. But still, there is

a slight deficiency of energy in the thermal wave in PE tests. The

more energy-rich wave may become a factor facilitating the onscc of

intrinsic instability in Pdl tests or the slight deficiency of energy

in the thermal wave may supress the instability. One may recall that

a deep th-.rmal wave in the condensed phase is iaferred to be the

origin of oscillatory burning behavior near the Pdl in Chapter V.

Another view is that there is a pressure-independent characteris-

tic time of extinguishment. Note that the most lowering of PE below

P is observed for PBAA propellants. It is pr posed that there is aPdl

longer characteristic time of flame-out for PBAA propellants than

HTPB or PU propellants. Also, it is longer in the low-rate or

transition regime as the trAnsient burning rate tests indicate. From

the quenching curves, one may note that the low-rate regime is fully

4
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established for PBAA and HTPB propellants and not for most PU propel-

* lants considered. The long characteristic time of flame-out for

PBAA propellants is probably ascribed to the non-melting and AP-

ejecting characteristics of PBAA binder. The interfacial reactions

between PBAA binder and the oxidizer may exist beneath the large AP

A
particles after the system pressure reduced below the P and

dl

momentarily stabilize local burning.

hir __
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CHAPTER VIII

RAPID DEPRESSURIZATION EXTINGUISHMENT AND REIGNITION

A. BACKGROUND

In previous chapters, there have been discussed the combustion

and estinguishment of composite propellants at pressures not far

removed from their low pressure deflagration limits. Two distinct

regimes were noted when extinguishment occurred during pressure drop:

the high-rate regime, where a critical ratio of characteristic times

is a good criterion for extinguishment during depressurization; and the

low-rate regime, where the externally imposed pressure transient defers

the onset of the intrinsic instability which eventually extinguishes

the flame. The maximum depressurization rate attainable in the strand

bomb was 5 sec- , too small to extinguish some fast-burning propel-

lants burning initially at high pressure. An extension of the

extinguishment study to the higher pressure range was carried out with

a small-L* (compared to the chamber used previously) blow-down chamber

described in Chapter IIT, Section D. This blow-down chamber allowed
-l

the use of fractional rates of pressure decay up to about 350 sec *

One of the objectives of this investigation was to determine whether

the extinguishment criterion, the critical ratio of characteristic

times, is applicable to extinguishment by depressurization near atmos-

pheric pressure; and if not, what other factors affect the extinguish-

ment at pressures well above the low pressure deflagration limit.

L _I~ n ~ -- -- - --
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Another motivation for this investigation was to study the reig-

nition phenomenon occurring after depressurization extinguishment, a

serious problem in the development of controllable motors. For all

its practical importance, little progress has been made in the research

on the reignition phenomenon, largely because it is so dependent upon

experimental conditions. For example, it is certain that the reig-

nition should be strongly influenced by the thermal surroundings of a

temporarily-extinguished propellant grain. Reignition was observed

in rarefaction tube tests by Baer, et al. (4). They reported that

a catalyzed bimodalPBAA propeltant could not be permanently extinguish-
-il

ed with a fractional rate of pressure decay rate as great Ps 100 sec

Their catalyzed PBAA propellant required a very large fractional rate

of pressure decay for permanent extinguishment, and they speculated

that this propellant might have an exceptional propensity fcr reignition.

An examination of this behavior of PBAA propellants was intended.

Other investigators have beer concerned with the reignition

problem. Ciepluch [29] has made a systematic study on the reignition

phenomenon of aluminized and non-aluminized PBAA propellants. His

results show that the temporary flame-out is determined by the rate

of pressure decay and little influenced by the ambient pressure level.

In contrast, success in achieving permanent extinguishment at the same

rate of pressure decay is determined by the ambient pressure level.

Ciepluch reasoned that the existence of the reignition limit, which

is far higher than the deflagration limit of the propellant, is due to

the limitation of the available residual energy for reignition since

the threshold energy flux required for propellant ignition increases

sharply as the pressure is decreased in the subatmospheric pressure
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rangQ. He explains that the radiant energy flux from the heated

chamber wall is not sufficient to cause reignition and the energy

for reignition is derived from a combination of the residual energy

in the thermal wave and in the combustion gases. He also reports

that the reignition time, the time duration between flame-out and

reignition, increases as either the depressurization rate is increased

or the ambient pressure is lowered, being in the range from one second

to more than 20 secondF. An aluminized propellant is observed to have

the lowest reignition pressure limit.

Wooldridge, et al. [133, 1341 investigated the extinguishment of

PU propellants burned in a chamber vented to a vacuum tank. Their

reports indicate that the extinguishment with depressurization at a low

rate is more dependent cn the pressure in the vacuum tank than on the

rate of depressurization [133]. Like Ciepluch they observe that the

reignition time increases as the dump tank pressure is decreased until

it reaches a pressure at which no reignition takes place. The presence

of aluminum is observed to shorten the reignition time. They also

write that tubular grains are less prone to reignition than are end-

burning grains, and, if reignition occurs, require a longer time for

reignition than end-burning charges. They attribute the difference

to radiation from the heated hardware in the chamber.

The effect of grain shape on reignition observed by Jensen [68]

is different from that noted by Woolridge, et al. He reports that a

swing-nozzle motor in which a tubular grain is burned experiences more

frequent reignition than a windowed chamber in which Pnd-burning

grains are burned. It is evident that chamber size and geometry are

important factors. A valid comparison of propellants requires that
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similarly shaped grains be burned in the same chamber. Jensen also

reports that the addition of catalyst in aluminized propellants con-

-aining carboxyl-terminated polybutadiene or polyisobutylene greatly

enhances the reignition tendency. He was able to prevent the reig-

nition by purging the chamber with nitrogen immediately after

depressurization.

During motor extinguishment tests in a chamber vented to the

atmosphere, Merkle, et al. [78] also observed frequent reignition

phenomena. They adopted the temporary extinguishment as a criterion

of depressurization extinguishment to examine their theoretical

extinguishment model. They considered a model for reignition including

the effect of depressurization. Because the heat flux from the

surroundings to the propellant surface was not known, their theoreti-

cal prediction could not be compared with experimental results.

From a literature survey, one infers that the reignit!on depends

not only on the intrinsic properties ot a propellant but also strongly

on the experimental conditions. The standardization of experimental

procedures is necessary if propellants are to be compared. However,

most investigators report that the factors influencing reignition are

the final dump-tank pressure, the rate of depressurization, the

propellant composition, sample and motor geometry. In this investi-

gation, it was intended to minimize the effect of chamber geometry

by using a small-L* blow-down tube whose wall temperature was con-

trolled and by burning strands or hollow grains small compared to

the chamber volume. Because the accuracy of pressure measurement was

much decreased when the rapid depressurization rate was employed and

I
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pressure, the final dump tank pressure and orifice size were chosen

as major control variables in this study. Extinguishment tests were

undertaken with four selected propellants: an uncatalyzed HTPB

propellant, a catalyzed PU propellant, and a catalyzed and an

uncatalyzed PBAA propellants.

B. EXPERIMENTAL PROCEDURE

The small-L* blow-down chamber described in Chapter III was

connected to the main dump rank replacing the large combustion chamber

for rapid depressurizatlon tests. Since the volume of the blow-down

chamber was small, the depressurizationt history was significantly

affected by combustion generated hot gases and the variation of gas

temperature inside the chamber during a test. Only the initial part

of the pressure-time curve could be represented as an exponential

decay. The combustion-unaffected depressurization history desired

was not attained.

Square grains, 1.25 cm X 1.25 cm cross-section and 2.4 cm long,

and tubular grains, 0.64 cm i.d., 2.2 cm o.d., and 2.4 cm long, were

prepared and used. Tubular grains were cast in sections of stainless

steel tubing of the same length with 0.64 cm diameter rods at the

center. An extinguished tubular sample was used again when sufficient

web thickness was left after a run. In some cases, a tubular grain

was used three times. A re-used tubular grain had an increased

diameter and, accordingly, produced a slightly different pressure

history.

At first, there was an attempt to maintain a constant pressure for

the steady combustion before depressurization. Later the attempt was

, i I I -i -I :: I " I I I I I -- i I II
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discontinued as unnecessary. The preparatory propellant combustion in

the pressurizing environment was thought close to steady state since

the characteristic time of pressurization was very much greater than

the thermal wave adjustment time at the initial pressures employed.

The maximum pressure during initial steady burning before depressuri-

zation was taken as the initial pressure of an extinguishment test.

The desired initial pressure was obtained by choosing an appro-

priate pre-ignition pressure and initial burning time before depres-

surization was started. The initial burning time was controlled by

a pressure switch and a timer. The pressure switch activated the

timer when the chamber pressure, being increased by propellant burning,

reached the pre-set level. Several trial tests were needed to deter-

mine the appropriate level of pre-ignition pressure, pressure switch

and timer setting for a desired initial pressure.

The pressure in the tube was monitored either by a Statham Model

PA 285 TC-150-350 absolute pressure transducer with an Accudata 120 DC

Amplifier when the maximum tube pressure was less than 10 arms or by

a Kistler PZ 14 quarts crystal transducer with a Kistler Model SIN 166

charge amplifier when the maximum pressure was higher than 10 atms.

The dump tank pressure was read from a mercury manometer before and

after a run.

The light signal was detected by an RCA 1P40 infrared-sensitive

gas photodiode which was mounted on the window of the rarefaction

tube so that it could directly look across the flame. The light

signal was amplified up to 50 times by a CRC AMPLI-VOLT DC amplifier

to sense the low-intensity flame near extinguishment at low pressures.

The circuit diagram for the photocells is shown in Figure C.5.
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The pressure and light signals were amplified to volt level to

P record by a Precision Instrument Model 1207 tape recorder. Since the

tape recorder was adjusted to record a maximum input 3V r.m.s., the

portion of light signal larger than 3V was chopped off by a silicon

P voltage regulator diode (Texas Instruments Model 4372A) before being

fed to the tape recorder. The tape recorder was pre-calibrated for

each channel and for each recording speed. The recording speed was

chosen out of 15, 30, and 60 ips depending on the depressurization

rate. The recording was made in FM mode. The pressure and light

signals were also photographed on the screen of a Tektronix Model 564

memory oscilloscope.

After a series of tests, the recorded pressure and light signals

were reproduced on the Tektronix Model 564 dual beam oscilloscope by

playing the recorder back at 7-1/2 ips speed and photographed by a

C-12 model oscilloscope camera. Two photos were taken for each run;

one in slow scan to determine reignition time and another in fast

acan to determine the extinguishment pressure and the rate of depres-

surization from the pressure trace.

C. EXPERIMENTAL RESULTS AND DISCUSSIONS

For the four propellants selected, approximate!y 20 runs were

conducted, emphasizing the dependency of reignition and reignition

time on the final dump-tank pressure.

Figure VIII.l shows the oscilloscope traces of a typical test

in which extinguishment is followed by reignition. From the fast scan,

upper picture, the extinguishment pressure was determined. It is

noted that complete extinguishment occurs at a pressure very near the

.. .....1. ....... . .. ...... ....
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final dump-tank pressure. Als noted is that the pressurization rate

of the chamber due to pre-depressurization combustion is very slow on

the tim, scale of interest. As seen in the lower picture, the re--

development of flame follows about 0.25 sec after the original flame

*is quenched.

1. The Effect of Initial Pressure on Extinguishment Requirements

In the previous chapter, it was shown that the initial pressure

does not affect the extinguishment pressure during depressurization

in a lower pressure range when it exceeds the latter at least by a fac-

tor of two. It was intended to determine if the same is true for

higher pressures and higher rates of depressurization. Figure VIII.2

shows the effect of initial pressure on the critical dump-tank pressure

needed for extinguishment of the strands of a catalyzed polyurethane

propellant. The orifice size is rather small so that extinguishment

occurs at low pressures which are, however, in the high-rate regime

as defined previously. The change of initial pressure from 0.8 to

20 atma does not produce any detectable change in the critical dump-

tank pressure, about 0.2 atma, which may not be exceeded if burning

is to be extinguished. Also noted is that the pressure at which a
extinguishment actually occurs is 0.25 atms, regardless of the initial

pressure. Extinguishment occurs when the orifice flow is subsonic,

and therefore is sensitive to the final dump tank pressure. Accord-

ingly. the final dump-tank pressure becomes a factor in depressurization

extinguishment.

Similar extinguishment data for a larger vent orifice are

plotted in Figure VIII.3, also for catalyzed polyurethane propellant.

At the higher rate we find that the initial pressure has a detectable
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influence on the extinguishment phenomenon. The least severe

extinguishment condition, as measured inversely by dump-tank pressure,

is for an initial pressure about 5 atms, while more severe extinguish-

ment requirements are shown for higher and lower initial pressures.

The same tendency was observed by previous Utah investigators [26].

Another point to be noticed from the figure is that the extinguishment

of hollow grains requires a lower dump tank pressure than end-burning

strands. Reignition is rarely observed for this catalyzed PU-propellant

at the experimental conditions adopted. In tests with strands, reig-

nition iq only observed when the initial pressure is about 2 atrm.

The range of final dump-tank pressures for reignition is, however, very

narrow.

The decided effect of initial pressure on extinguishment, as shown

just above, is contradictory to the earlier findings when a smaller

vent orifice was used. Further examination is considered to resolve

this contradiction. When one characterizes the severity of extinguish-

ment conditions by the final dump-tank pressure, he supposes that the

same pressure-time history is followed in the period in which the

pressures are comon for the cases with different initial pressures

if the critical final dump-tank pressure is the same. In other words,

he assumes that the rate of depressurization is a function only of the

system pressure, the dump-tank pressure, and orifice diameter.

VTo check the validity of the assumption, the pressure histories

for tests at three different initial pressures and at near critical

dump-tank pressure but with the same vent orifice are disploced on

Figure VIII.4, such that the initial point of each lower-pressure run

I
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is on the pressure-time curve for the run starting at the highest

pressure. Obviously, our assumption is not supported. The inirial

pressure effects the pressure histories below about 2.3 atms, even

though the pressure is higher than 1.7 atms, where the orifice flow

is expected to be sonic for all tests: at a given pressure, the

pressure drops more slowly when a test is begun at higher pressures.

The same trend persists even at subsonic-nozzle conditions until the

systerr pressure is very close to the dump-tank pressure. As shown,

extinguishment occurs when the system pressure is below 1 atms where

the orifice flow is subsonic for all tests. The tests at a higher

initial pressure simply need a lower critical dump-tank pressure to

give the necessary rate of depressurization for extinguishment at the

observed flame-out pressure. The role of the dump-tank pressure in

determining extinguishment is to influence the rate of depressuriza-

tion when the orifice is dechoked. The pressure histories of the

tests with the initial pressure of 5 atms are also checked (not shown)

and found to be very close to but to decrease slightly faster than

those at initial pressure about 2.2 atms. The influence of initial

pressure on the depressurization history appears to come from the

difference in the temperature histories of the gases inside the burner

chamber for the different initial pressures.

It is noted in Figure VIII.3, however, that the pressure at

extinguishment appears to become !ndependent of the initial and dump-

tank pressures if the fotmer is large enough, and the latter small

enough.
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2. The Effect of Grain Shape on Extinguishment Requirements

The actual histories shown in Figr:re VIII.5, confirms the obser- j
vation of Figure VIII.3, that a much lower dump-tank pressure is

required by hollow grains than by strands. For the same orifice size

and the same initial pressure, the rate of pressure decay is noted to
1

be much slower when hollow grains are used. The total mass burning

rate has a decided effect on the depressurization history at low

pressures. It is interesting to note that the rate of pressure decay

in Run 235 is faster than that in Run) 234 for most parts of the pressure

history, except the very last portion. Extinguishment is, however,

recorded in Run 234. Note that below 0.5 atms, the orifice is dechoked

earlier in Run 235 and therefore the rate of depressurization is

expected to be lower than that in Run 234 for the same pressure. The

notably higher mass burning rate in Run 234 at higher pressures is due

to the use of a sample which has once before extinguished and, accord-

ingly, had a larger burning surface area than the sample used in

Run 235.

3. Temporary and Permanent Extinguishment Requirement of Various

Prpellan ts

With the observation made above, it is acknowledged that the repre-

sentation of extinguishment data by the initial pressure and the initial

rate of depressurization, whtch is fairly well represented by the orifice
!

size (or, more precisely, by the ratio of its area to tube volume), is

not satisfactory. The actual pressure history should be used to test

any extinguishment theory. For an approximate characterization of

depressurization to permanent extinguishment, the orifice size and final

dump-tank pressure would make better but still approximate descriptors.

prssr
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tn Table VIII.I, the experimental data are summarized in terms of I
final dump-tank pressure for a given orifice size and initial pressure.

A number of tests were carried out to determine the reignition
I:

time with the experimental conditions producing reignition. Reignition

was rarely observed in uncatalyzed IITPB and catalyzed PU propellants.

PBAA propellants, however, both catalyzed and uncatalyzed, showed

reignition over a broad range of experimental conditions. In most

tests, the final dump-tank pressure was kept at subatmospheric

pressure. From Table VIII.I, (me may notice that for UEW and UFA

propellants, the dump-t. idk pressures for permanent and temporary

extinguishment are very close. In general, hollow grains are shoum to

require lower dump-tank pressure wither for the burned out-reignition

buundary or for the reignition-permanent extinguishment boundary. As

discussed previously, the main reason that hollow grains need a lower

critical dump-tank pressure for extinguishment is probably the slower

rate of depressurlzation at low pressures.

Extinguishment results for a catalyzed PBAA propellant, of

interest because of its broad range of reignition conditions, are

summarized in Figure VIII.6. The dump-tank pressure needed permanent

extinguishment is greater for end-burning grains than for hollow

grains and dependent on the rate of depressurization. Hollow grains

exhibit almost a constant critical dump-tank pressure for permanent

extinguishment for a wide range of depressurization rates. When the

-l
fractional rate of depressurization is lower than 50 sec , the propel-

lant could not even be temporarily extinguished with the final dump-t.nk

pressure as low as 0.075 atms. The final dump-tank pressure appears to

be a most influential factor on reignition as was remarked by Ciepluch [29],

L-.-.:. . I " -
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4. The Effect of Final Dump Tank Pressu:e on Reignition Time

In Figure VIII.7, the reignlt.un times of UEZ, a PBAA-containing

------ propellant, are plotted as a function of final dump-tank pressure

for various experimental conditions. Although some data scattering

iij noticed, the general trend is that the reignition time decreases as

e final dump-tank pressure is increased. This result is consistent

aith the observations of Ciepluch [29] and Woolridge, et al. [135],

: although they observed longer reignition times, from one second to

about 20 seconds. Sometimes almost immediate reignition was observed

after flame-out when the final dump-tank pressure was high. Generall>,

strands show slightly longer reignition time than hcllow grains at the

same experimental conditions, indicating that heat loss plays a role.

The initial pressure and the rate of ',prejsurization do not seem to

have a sufficient effect on the reignition time to be discerned through

th ata scatter.

5. The Unusual Reignitiin Tendency of a Catalyzed PBAA Propellant

The unusuaL reignition capability of a catalyzed bimodal PBAA pro-

nellant reminds one vf the several peculiar burning and extinguishment

chiaracteristics of this propellant: exceptionally fast burning rate at

low pressures, ejection of a large amount of AP at low pressure, and

long characteristic time of flame-out near the limiting pressure.

Uncatalyzed P11AA propellants also show similar reignition behavior

The reignition under the cold surrounding conditions arranged in this

study is presumibly caused by the unique characteristics of PBAA

propellants. Note that the propellants fueled with PU and HTPB bind-

ers tarely slow reignition in the same experimental conditions.

11
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It may be that the difference between PBAA and PU (and HTPB has

PU characteristics) propellants is the same as that between the poly-

meric fuels. As described in Chapter IV, the PU binder melts, while

the PBAA binder does not. On an extinguished surface, molten PU

polymer flows into small crevices between AP particles and binder,

but these crevices remain on PBAA surface, and are the hot spots for

reignition. AP ejection at low pressure may have the same explcnation,

with reaction at the interface gap eating under the particle.

6. The Representation of Extinguishment Data by the Critical Ratio

of Characteristic Times

To determine the applicability of the critical ratio of charac-

teristic times for extinguishment, the extinguishment pressure, in

both the temporary and the permanent extinguishment cases, is plotted

with respect to the instantaneous fractlonal rate of depressurization

at the moment of extinguishment along with the extinguishment data

obtained from combustion-chamber tests in Figures VIII.8, VIIIo9 and

VIII.1O for UFA, UEM, and UEZ, respectively. The data from the small-

L* blow-down chamber on those figures show extinguishment pressure

for first extinguishment regardless of whether reignition occurs and

whether the or'fice is sonic or not.

The extinguishment data obtained by the small-L* blow-down chamber

are much less accurate than those taken in the combustion chamber. In

some cases, probably, the error in taking the slope of the pressure-

time curve could be a factor of two. The large scatter of the data is

presumably due to the inaccuracy Involved in data acquisition and

reduction procedures. The first thing to be noted from these figures

is that differences are not detectable in the temporary-extinguishment
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requirements between the hollow grain and the strand, suggesting

that heat loss does not play a role for high-pressure first

extinguishment.

It is also noted that straight lines, adequately correlating

the combustion-chamber extinguishment data in the high-rate regime

studied in the large chamber, match the low-pressure bound of the data

for the small-L* chamber for UFA and UEM propellants, respectively,

implying that a critical ratio of characteristic times particular

to a given propellant constitutes a rough guideline for motor design

with the propellant. The line of the low-pressure bound represents

the conditions for sure extinguishment. The critical ratio of charac-

teristic times for UFA and UEM propellants happens to )e a value

approximately corresponding to A a 2 for the von Elbe-type criterion.

For reference, the lines representing the von Elbe-type criterion

with A - 2 are plotted in Figures VIII.8 and VIII.9. The UEZ propel- I
lant, for which high-rate data in the combustion chamber are very

limited, lacks the extinguishment data for the intermediate rates of

depressurization needed to interrelate the two sets of data as above.

Roughly, a straight line corresponding to a A value slightly less

than two make the low-pressure bound of the data for the small-L* blow-

down chamber but the von Elbe-type expression with the same value does

not correlate the combustion-chamber data. The lines corresponding to

A - 1 and 2 are drawn in Figure VIII.lO for reference.

6, Summary of Results

The findings in this chapter can be summarized as follows:

(1) The presentation of extinguishment conditions in

terms of initial pressure and initial rate of

L ~ ~=~- _---= --- - -_
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depressurization is not satisfactory. The

actual pressure history should be measured to

determine extinguishment conditions.

(2) The critical final dump-tank pressure is a very

important parameter in the extinguishment process

because it governs the final phase of the de-

pressurization history, which actually determines

the extinguishment. Moreover, reignition is very

sensitive to the final dump-tank pressure.

(3) The sample geometry does not have significant

effect on temporary extinguishment although hollow

grains have a greater tendency to reignite.

(4) Reignition is very much dependent on the polymer

fuel. PBAA propellants are most prone to reig-

nition. Reignition is rarely observed for HTPB

nad PU propellants in the experimental conditions

considered.

(5) Reignition time is observed to be less than 1.6

seconds for the experimental conditions employed

and increases as the final chamber pressure is

decreased.

(6) The critical ratio of characteristic times appears

to be roughly applicable to temporary extinguishment

even at higher pressures.

__ _ -=-



CHAPTER IX

SUMMARY AND CONCLUSIONS

Each of the Chapters IV through VIII contains its own discussion

of a study which is, in large degree, independent of the others. Few

A
cross references are made. This final chapter is an attempt to draw,

I
from the five preceding chapters, selected items of information which,

taken together, bear imporcantly on the following four topics:

A, Mechanisms of Extinguishment; B, Effect of Heat Losses on the

Combustion and Extinguishment; C, Influence of Binder Chemistry on

Low-Pressure Combustion; D, Status of Unsteady Combustion Theory.

A. L,,CHANISMS OF EXTINGUISHMENT

1. Experimentally-determined (by depressurization) quenching

curves (Figures VIT.3, VII.4, and VII.5) indicate that

there are two distinct extinguishment regimes (the high-

rate cegime and the low-rate regime as defined in Chapter

VII, Section D), signifying two different extinguishment

mechanisms.

2. The sloped-straight-line relationship between the

extinguishment pressure and the fractional rate of

depresurization in the high-rate regime suggests that

the ratio of characteristic times (depressurization and

thermal-wave adjustment) determines extinguishment in
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the high-rate regime. The starvation of energy in the

zone of initial reactions is believed to be the

mechanism of extinguishment in this regime. The high-

rate regime extends to still higher pressures and

depressurization rates, as shown by the data taken with

small-L* below-down chamber (Figures VIII.8, VIII.9,

and VIII.IO). Consequently, von Elbe-type extinguish-

ment criterion is, at least to a first approximation,

applicable in this regime with the A value taken as a

property of the propellant.

3. The extinguishment pressure takes the limiting minimum

value independent of thp rate of depressurization when

the rate is slow enough (low-rate regime). Extinguish-

ment in the low-rate regime (Chapter VII) has the same

mechanism as the extinguishment in the Pdl experiment

(Chapters IV and V). Self-excited, intrinsic instability,

manifested as oscillations in burning rate, develops in

the combustion wave and eventually leads to the extinguish-

ment. An anomaly occurs at this low-rate regime. The

limiting extinguishment pressure observed during

depressurization is often lowar than the Pdl of the

propellant determined by go/no-go tests (Figures VII.IO,

VII.If, and VII.12). We suggest two possible explanations.

One is that the slight deficiency of energy in the thermal

wave in depressurization extinguishment tests may have the

I
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effect of delaying the onset of the intrinsic instability.

Another view is that there is a pressure-independent

characteristic time of extinguishment, whose value depends

on propellant chemistry.

B. EFFECT OF HEAT LOSSES ON THE COMBUSTION AND EXTINGUISHMENT

1. The large augmentation of the burning rate (Figures VI.3

and VI.4) and flame temperature (Figures VI.5 and VI.6)

and the significant lowering of the Pdl (Figures VI.8,

VI.9, VI.12, and VI.13) by a moderate external flux

indicate that heat losses from the burning surface have

a significant effect on the combustion and extinguish-

ment of solid propellants near their P

2. The analyses of the burning rate and flame temperature

data show that the surface decomposition reaction is

slightly exothermic (Table VI.I) and the activation

energy for the gas-phase reaction (as defined fuL the

Denison-Baum model) is approximately 20 kcal for a

catalyzed PU propellant and 25 kcal for an uncatalyzed

PU propellant (Figure VI.7).

3. It is clear that the low-pressure burning behavior of

propellants is strongly influenced by the thermal

environment of the combustion chamber. Meaningful

investigation of the combustion characteristics

requires knowledge or control of that environment.
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4. The limiting extinguishment pressure drops almost

linearly with the supplemental external heat flux

(Figures VI.8 and VI.9). The extrapolated minimum

flux corresponding to the zero pressure is about

2
1.0 cal/cm sec. It is the least net surface heat

flux at which the ordinary burning could occur. The

corresponding effective furnace temperature, about

6506C, is interpreted as the least effective surface

temperature for burning.

C. INFLUENCE OF BINDER CHEMISTRY ON LOW-PRESSURE COKBUSTION

1. Low-pressure burning conditions such as the low burning

rate, the low surface temperature, end the low heating

rate of the binder polymer, permit the details of the

polymer chemistry to emerge as important variables by

allowing polymers to undergo combustion-modifying

changes (Chapter IV). The effect of polymer chemistry

is noted in the burning race behavior (Figure IV.4), in

the Pdl (Figures IV.5 and IV.6), in the oscillatory

burning behavior (Figures V.4, V.5, and V.6), and in the

extinguishment during depressurization (Figures VII.10,

VII.11, and VII.12).

2. The high Pdl of polyurethane and PLMA-fueled propellants

(Figures IV.5 and IV.6) is due to the melting of the

binder polymers. The melting of these polymers is

inferred to accompany depolymerization. The HTPB binder
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is also a polyurethane but the effect of melting is

less pronounced due at least in part to the lower

concentration of urethane bonds, and therefore,

the higher melting temperature.

3. The observed insensitivity of the Pdl of propellants

fueled with PBAA binder to the oxidizer particle size

(Figure IV.5) is due to the non-melting and the I
reactivity of this binder. The same characteristics

presumably account for the large amount of AP ejection

from PBAA-blmodal-AP propellants. Also the exceptional

propensity for reignition following rapid depressuriza-

tion extinguishment (Chapter VIII) appears to support

the same reasoning.

4. The PBAA propellants and highly-oxidized PU and HTPB

propellants containing the bimodal AP show a strange

burning behavior near the Pd: a more fuel-rich
dl

propellant has a higher burning rate at the same

pressure and thus, a lower Pdl (Figures IV.l, IV.2, IV.3,

and IV.4). The explanation offered is that the large AP

particles, decomposing slowly, provide a relatively inert,

energy-absorbing surface layer for PU propellants. Large

AP particles are ejected by PBAA propellants burning at

very low pressure. The more fuel-rich propellants eject

a much smaller fraction of their AP, and are thought to

be actually the less fuel-rich as measured by concentra-

tions of reacting species in the combustion zone. The
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actual combustion efficiency is therefore inferred to be

better in the more fuel-rich propellant.

D. STATUS OF UNSTEADY COMBUSTION THEORY

1. The observed oscillatory burning behavior of solid

propellants near their low pressure limit supports a view

that the extinguishment at the Pdl should be attributed

to an intrinsic instability (Chapter V).

2. The so-called "one dimensional" theories of propellant

combustion instability presume a homogeneous propellant.

They treat instability as a coupling response of combustion

to an external pressure (or energy flux) perturbation, and

therefore can describe an intrinsic instability only as a

limiting case in which the amplitude of the driving

perturbation vanishes (Chapter V). Denison and Baum's

theory, one of this kind, fails Lo predict the observed

periods of the oscillation in burning rate with reasonable

values of kinetic and thermochemical parameters (Chapter V).

That theory does, however, predict the observed fixed ratio

of oscillation period to the relaxation time of the thermal

wave in the propellant.

3. The above-mentioned successful prediction by the theory is

not regarded as validating the theory. It is merely taken

as evidence that any successful theory must account for the

energy capacitance of the thermal wave.
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1 4. To consider intrinsic instability as a special case of

-externally stimulated instability is to adopt much too

narrow a perspective. The processes providing the coupled

*stimulus and response must all occur in the flame, surface,

and subsurface preheat zones, and, further, should all be

describable without reference to external conditions.

5. It is proposed that a successful theory start with the

proposition, which has a respectable experimental founda-

tion, that the oscillating gasification rates of the two

main propellant ingredients are out of phase. The

relative surface availability of the ingredients would

necessarily vary, as would the feedback energy flux, and

the thermal wave would provide a capacitive element in the

cycle of events.
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NOMENCLATURE

Symbols Definition Unite

A parameter in pressure response function

Ab Aox Arrhenius frequency factors for the
bo decomposition processes of binder and

oxidizer

A nozzle throat area cm2

n

a burning-rate coefficient in Vielle's
burning-rate law cm/[sec atmn]

a initial speed of sound at p and T cm/sec

B parameter in pressure response
function

C constant in Denison-Baum model cm/(sec atm n Kn+l]

c heat capacity of solid cal/gm °K

ci heat capacity of i th ingredient cal/gm 0K

c heat capacity of gas at constant
pressure cal/gm *K

D bead diameter of thermocouple cm

Di diameter of ith oxidizer particle size cm

!Di  characteristic distance associated with
an oxidizer particle of Di diameter cm

D diameter of oxidizer particle in general cm

EbEox activation energies for the decomposi- call
tion processes of binder and oxidizer gm mole *K

Ef activation energy for gas phase
f reaction cal/gm mole K

E activation energy for surface

reaction cal/gm mole *K

Il
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F frequency of oscillations Hz

f total heat feedback flux cal/cm 2 sec

f external heat flux cal/cm 2 secr

C 8g-g/g.

SI + A(l - B)

9+0 g-, g0 statistical weights (Eq. (F-1)]

h distance crystal protrudes above or is
recessed below the propellant surface cm

1 (-1)1/ 

K equilibrium constant

K. ratio of the ith oxidizer particle
size to the associated characteristic

distance

k thermal conductivity of propellant cal/cm *K sec

k thermal conductivity of the contin-
LIous phase in a composite solid cal/cm 'K sec

L* ratio of the free chamber volume
to nozzle throat area cm

M molecular weight of gas gm/gm mole

2
m, m, mass flux and its perturbation gm/cm sec

m mass decomposition rates of binderb ox2 and oxidizer gm/cm sec

Nu Nusselt number

n pressure exponent in Vielle's burning
rate law

Pd] pressure deflagration limit atm

PE extinguishment pressure atm

P f pressure deflagration limit under
furnace heating atm

Pr Prandtl number

L _
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p, p' pressure and its perturbation atm

PO initial chamber pressure atm

q net heat of gasification cal/gm

R gas constant Cal/gm mole *K

R' gas constant gm cm 2/sec gm mole °K

Re Reynolds number

r linear burning rate cm/sec

r averaged linear burning rate cm/sec

rb) r olinear burning rates of binder and
oxidizer cm/sec

rdl limiting burning rate cm/sec

Sb decomposition surface areas of 2
binder and oxidizer cm

T temperature *K

Ta temperature of the surroundings OK

Tc  thermocouple temperature *K

Tf flame temperature °K

T r initial temperature of propellant OK

T initial gas temperature in the chamber OK

T surface temperature of burning
s propellant °K

T T' surface temperature of decomposing js,b' a b binder and its perturbation K

T T' surface temperature of decomposing
5,OX oxidizer and its perturbation °K

t time sec

t ib it ion delay time sec

U ionization potential cal/gu mole

IJ
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V chamber volume cm3

wi  weight fraction of the ith ingredient

X photograph magnification

X weight fraction of ith oxidizer particle
£size in total propellant weight

XT tctaA oxidizer weight fraction

x fraction of ionized molecules

a thermal diffusivity ci2 /sec

a heat flux coefficient, ar/af r  cm 3/cal

B constant dependent on heat-capacity ratio

Y heat-capacity ratio

C emissivity of thermocouple bead

volume fraction of the discontinuous phase

volumetric ratio of oxidizer to binder in
propellant

constant in von Elbe-type criterion

characteristic root of solid phase energy
equation [see Eq. (V-2)]

v ratio of the thermal conductivities of the
discontinuous phase to that of the contin-
uous phase

P' OX oxidizer of propellant, binder, and gm/cm3

T period of oscillatory burning sec

T defined by Eq. (C-3) sec

Ti  period of oscillations associated with
ith oxidizer particle size sec

, $' ratio of the maqs decomposition rates ef
the oxidizer to that of the binder and its
perturbation
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i, ' ratio of the decomposing surface areas of the
oxidizer to that of the binder and its
perturbation

41 0r w dimensionless frequency parameter and its realand imaginary parts

1resonance dimensionless frequency parameter
0

angular frequency rad/sec

Abbreviations

AP ammonium perchlorate

CB carbon black

CC copper chromite catalyst

CTPB carboxyl-terminated polybutadiene

CTPIB carboxyl-terminated polyisobutylene

FC fluorocarbon polymer

"TPB hydroxyl-terminated polybutadiene

PBAA poly(butadiene co acrylic acid)

PBAA-AN poly(butadiene co acrylic acid co acrylonitrile)

PLMA poly(lauryl methacrylate)

PVC poly(vinyl chloride)
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Figure 111.1. A Schematic Diagram of the Combustion Chtmber.



159

,,,,-RECOIL PLATE

PROPELLANT

MOUNT IGNITION LEADS

TRANSDUCER- TRANSDUCER

CHAMBER VENT

.i!,, re 111.2. A Schematic Diajram of the
Force Measurement Amsembly.



160

Figure 111.3. An Overview Photograph of the Combustion
Chamber (With Dome Lifted to Show
Nichrome Ribbon Furnace) and Accessories.
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Figure IV.1. Burning Rate Behavior of Bimodal (60/40)-AP, PU-fueled
Propellants at Low Pressures. The Lines were Drawn
Through the Averaged Values of at Least Two Runs. All
Propellant. Contained 1% Carbon Black. CC Dentes
Copper Chromite Catalyst.
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Figure IV.1O. Scanning Electron Microscope Micrograph
of the Extinguished Surface of a
Unimodal-AP (400w) PU Propellant (UDV)
Burned near Its P dl (55X).4

Figure IV.ll. Scanning Electron Microscope Microgriph
of the Extinguished Surface of a
Bimodal-AP (200w~/l5ij) PU Propellant
Burned near Its Pd (70X).
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Figure IV.12. Scanning Electron Microscope Micrograph
of the Extinguished Surface of a

Unituodal-AP (15p~) PBAA Propellant (UDX)
Burned near Its P dl (600X).
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Figure VI.4. Effect of the External Heat Flux on the Burning Rate of an

Uncatalyzed PU Propellant (UED).
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Were Made for the Flame Temperatures. Filled Symbols
Indicate the Averaged Values of Many Runs at the Same

Test Conditions. I
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Figure VI.6. Effect of the External Heat Flux on the Flame Temperature
of an Uncatalyzed PU Propellant (UED). P.adiation
Corrections Were Made for the Flame Temperatures. Filled
Symbols Indicate the Averaged Values of Many Runs at the
Same Test Conditions.
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Figure VI.7. Determination of the Activation Energy of Gas Phase
Reaction Using Denison and Baum's Model for a
Catalyzed (UFA) and an Uncatalyzed (UED) PU Propellants.
The Value of n Was Taken to be One.
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Extinguishment Pressure of & catalyzed PU Propellant
(UFA). The Slow-Depressurization Method Was Used.
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Figure VI.9. Effect of the External heat Flux on the Limiting
Extinguislaent Pressure of an Uncatalyzed PU Propellant
(UED). The Slow-Depressurization Method Was Used.
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Figure VI.1O. Heat Flux-Augmented Burning Rate Data of a Catalyzed
PU Propellant (UFA) near the LimiIting Extinguishment
Pressures. Filled Symbols Indicate the Conditions
in Which the Extinguishment Occurred.
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Figure VI.12. Effect of the Kxternal Heat Flux on the .rimiting

Extingu!Ehment Pressure of an Uncatalyzed PBAA
Propellant (UEK). The Slow-Depressurization
Method Was Used.
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Figure VI.13. Effect of the External Heat Flux on the Extinguishment
Pressure of a Fluorocarbon Propellant (TPF 1006). The
Slow-Depressurizat-ion (with 0.318-cm Orifice) Method was
Used.
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Reference
Pressure

Run No.: 21106-47, Propellant: UEF, Orifice:
2.54 cm, Initial Chamber Pressure: 1.40 atms,
Reference Pressure: 0.85 atms, Vertical Scale:
0.13 atms/division, Horizontal Scale: 0.1 sec/
division.

Initial Zero i
Chamber-- --- Luminosity

Pressur

Reference

---- Final System
Press':re

Run No. : 21106-55, Propellant: UEZ, Orifice:
2.54 cm, Initial Pressure: 0.85 atms, Reference
Pressure: 0.13 atm-, Vertical Scale: 0.13 atuie/
division, Horizont',l Scale: 0.1 sec/division.

Figure VII.l. Oscilloscope Traces of Typical Depressurization
Extinguishment Tests Using the Combustion Chamber.
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Figure VII.8. Transient Burning Rates During Depressurization at Low
Pressures for a PBAA Propellant.



207

2

UEG (PU/77.5 AP/I CB)

C) -_ dnp - 0.075 SEC-I
LiJ dt

LJ

0 STEADY - STATE
z
z

0.1

0.1 0.2 0.5 I 2

PRESSURE, ATMS

Figure VII.9. Transient Ihlrning Rate, During Depressurization at Low
Pressures for a P11 Propellant.
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Figure VII.1O. Comparison of Near-Limitlng Extinguishment Pressures
Measured by Depressurization Tests (PE) and the

Pressure Deflagration Limit Determined by Go/No-Go
Tests (P d) for PU Propellants. In the Case of Every

Propellant, a Smaller PE Was Attained When a Slower

,ate of Drpressurization Was Applied.



209

0.07

m0 '0 SYM. CODE AP% ADD.%

, 0.06 0 UEW 85 -

0 UEV 80 -

cj [ 0 U EY 80 AL 5
W Q- ~ UEX 80 CC 2

(r .0.05-

Qz

p 0.04 -

I--L

X '
0.02 /  

1 I 
L

0.002 0.03 0.04 0.05 0.06 0.07

EXTINGUISHMENT PRESSURE BY
GO/NO-GO TEST, PDLI ATMS

i re VI.I . I I Comp1ri son of Noar-- 1.im itin g xt inguishment Pressures
measured by I)epresstirization Tests (PE) and the Pressure

Deflagration Limit )etermlned by Go/No-Go Tests (Pdl)

for HITPB Propellants. In the Case of Every Propellant,

r. Smaller PI,, Was Attained When a Slower Rate of

Depressurizat ion Was Applied.



0.07

COSYM. CODE AP% ADDA
0.06 - 0 UEK 85 _

0 UEM 80]
cn 0 UFB 80 AL5 V
(na- A UEZ 80 C C 2
Li
CC .0.05-
COZ0

I---
0

LUN
Z - 0.04

0.02 1 A I j J
0.02 0.03 0.04 0.05 0.06 0.07

EXTINGUISHMENT PRESSURE BY
GO/NO-GO TEST? PDL' ATMS

Figure VI .12. Comparison of Near-Limiting Extinguishment Pre.sures
Measuted by Depressurlzaticn Tests (P ) and the Ilrssurc

Deflagration lirnit Determin ¢d by Go/No-Go Tests (I1dd)

for PBAA Propellants. 1ti the Case of Every Propellant,
a Smaller P,,- Was Attained iben a Smaller Rate of

Depressurization Was Applied.

V.



211

- -- -- - ______ - ---------- --- Zero
In itial I umJnosity
Chamiber
Pressure

---Reference

Pressure

--- Final System

Pres sure

Hun No.: 2813-133, Propellant: UEZ, Sample Shape:I

Initial Chamber Pressure: 19.6 aLmS, Reference
Pressure: 13.8 atms*

InfLtial Dump-Tank Prve-;Sure: 0.68 atms, Final Dump-

Tank Pressure: 0.71 atins.
Tape Recorder Recording Speed: 60 inches/sec.

Play Back Spccd: 7.5 inches/sec.
Vertical Scale: 3.40 atma/division.
Horizontal Scale: 6.25 msec/division (above),

0.0625 sec/'division (below).

Initial--Zr
Chamber ---- -. .*- **--er

Pre ssure LuptinoSiLy

---Reference
Pressure

---Final System
Pressure

Figure VIII.l. oscilloscope Traces of a Typical Rapid-Depressurization
Extinguishment Test Followed by Reignition.
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Figure VII1.3. Effect of the Initial Pressure on the Critical Dump-

Tank Pressure for the Fxtinguishment of a Catalyzed
PU Propellant (IJFA) During Rapid Depressurization When

the 0.953 cm Orifice Was Used [-(d tnpydt = 13.9 sec- 1 ].
Diamond Symbols Indicate the Chamber Pressures at Which

Extinguishment Actually Occurred During Depressurization.
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Figure VII1.!. Influence of the Initial Chamber Pressure on the Pressure
Histories During Rapid-Depressurization Extinguishment
Tests.
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Figure VIII.5. Influence of the Sample Shapes on the Pressure

Histories During Rapid--Depressurization Extinguishment
Tests.



216

1.4
UEZ (PBAA/8OAP/2CC/ICB)
INITIAL PRESS. 20ATMS

1.2- SlrRAND GRAIN NOTES
0 6 BURNED OUT

aA REIGNITED

-J 1.0- A EXT. PERMANENTLY

a-

z
0O.6-

CiO.4-

L-

0O.2-

0

0 iii

20 50 103 200 500

CALCULATED FRACTIONAL RATE
OF DEPRESSURIZATION SEC-

F4 gur v V II 6. Temporary and PlermanentL Extinguishment Requirements
for a Catalyzed PBML PropellantL (UEZ).



7 --

2172 I I " I I

0 UEZ (PBAA/8OAP/2CC/ICB)

1.0- A
0 3

0.5 0

w AU) Z

-U A
d02-00

A A

(1)3

Z 00 0
o 0.1 O

H

z0 0

INITIAL
STRAND GRAIN PRESS ORIFICE 0

0.02- (ATMS) (CM)
0 0 20 4.82

El 10 4.82
A 20 2.54

0.01I 1 I
0 0.2 0.4 0.6 0.8 1.0

FINAL SYSTEM PRESSURE, ATMS

Figure VIII.7. ReigniLion Time as a Function of Final Dump-Tank
Pressure for a Catalyzed PBAA Propellant (UEZ).
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APPENDIX A

EFFECT OF EXPERIMENTAL CONDITIONS
ON THE PRESSURE DEFLAGRATION LIMIT

It is necessary to standardize the experimental procedure if one

is to measure the pressure deflagration limit of a propellant

reproducibly. A preliminary study was therefore conducted to find its

dependency on strand size, sample side inhibitor, environmental gas,

flow rate of cooling nitrogen on the sample side, and initial strand

temperature.

1. Effect of Strand Size on the Pressure Deflagration Limit

Figure A.1 shows the significant effect of sample diameter on

extinguishment pressure. The form of the curve indicates an asymptotic

pressure ag the strand diameter increases. For the strand diameter

bigger than 12 mm, little change in extinguishment pressure is noted.

The results are quite similar to those reported by Cookson and Fenn [37).

It appears that the conductive and convective heat losses become insigni-

ficant when the sample diameter is bigger than 12 mm. However, the

radiative heat loss from the burning surface remains, but its value per

unit burniu area may reasonably be assumed to be independent of strand

diameter for diameters greater than 12 mm.

As suggested by Cookson and Fenn, It would be instructive to re-

plot the same data in the coordinates of Pdl versus the ratio of strand

diameter to cross-sectional area, which is a rough measure of the heat

--im
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loases from the burned gases rilative to the radiative heat loss from

the burning surface to the surroundings. This is done on Figure A.2.

Contrary to their result, the data do not fall on a straight line so

that the extrapolation of the line may intercept the Pdl ordinate at a

finite value of the pressure. Instead, the straight line which best

fits all the data goes through the origin. However, the data points

correiponding to the three largest diameters fit a curve which extrap-

olates to a finite Pdl between 0.2 and 0.3 atms for infinite cross

section. Thus, it is concluded that the conductive and convective

heat losses become insignificant, and radiative losses are nearly

constant, when the strand diamet.r is greater than 12 mm.

2. Effect of Strand Side Inhibitor and Environment Gas on

Pressure Deflagration Limit

The strarl burning behavior of a solid propellant at very low

pressures was found to be influenced by the inhibitor material painted

on t.oe side of the strand and also by the ambient gas filling the

combustion chamber. The effects were most pronounced for an unicatalyzed

PU propellant, 06G, which is so formulated as to exhibit a marginal

effect of binder melting (refer to Chapter IV). Other propellants were

also influenced, but to a lesser degree. On Figure A.3, the experi-

menial results for UEG propellant are summarized.

The Krylon is an acrylic solution made by Borden Inc. and Mr.

Spray is a white paint made by Plasti-Kote Inc. It is noted that the

white paint contains a small amount of cellulose nitrate as a vehi.le.

Combustion at low pressure is strongly promoted b, Mr. Spray. The

deflagration limit for a Krylon-inhibited strand, about 0.32 atms, is
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reduced to 0.078 atma when Mr. Spray is used as an inhibitor. The use of

air as an ambient gas replacing nitrogen, also promotes combustion,

enabling deflagration at a pressure as low as 0.057 atms.

Different burning phenomena in different experimental conditions

were also observed. A Krylon-inhibited strand burning in nitrogen

e:hibits periods of instability during burning near its deflagration

limit. Flame quenching would start from one edge of the burning

surface and propagate toward the center, leading to complete

extinguishment if the chamber pressure was lower than the P dl If the

chamber pressure was slightly higher than the pressure deflagration

limit of the propellant, the quenching front stopped, and the flame

recovered on the quenched area. The extinguished surface of Krylon-

inhibited sample burned in nitrogen was always concave. This was true

for all other propellants. The Mr. Spray-inhibited sample surface

burned in nitrogen was flat except being slightly concave at the ,ery

center portion. A convex and rounded edge was displayed by a Krylon-

inhibited sample burned in air.

As a consequence of all the above observations, it is apparent

that when oxygen is available either in the ambient gas or the

inhibitor, the resulting heat supply affects the deflagration limit

even when the strand diameter is bigger than 12 mm. Krylon inhibitor

and nitrogen environment were adopted as standard.

3. Effect of the Purging Rate of Cooling Nitrogen on Pressure

Deflagration Limit

Thus far, the effect of conductive and convective heat losses on

the Pdl has been discussed for a propellant strand burning in quiescent
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ambient gases. The effect of heat losses by forced convection on the

extinguishment pressure was also examined.

Figure A.4 shows the detectable effect of the rate of cooling

nitrogen. The cooling nitrogen was introduced to the system to purge

the force transducer and the sample side to minimize side heating in the

furnace. The nitrogen gas was at ambient temperature. The extinguish-

ment pressure monotonically increeses to about 0.072 atma as the purging

rate is increased to 8 liters per mivlute. An increase in purging rate

to 15 liters per minute does not produce any more increase in extinguish-

ment pressure. This result appears partly due to the increased

combustion intensity at higher pressures and partly due to the dimin-

ish~ng effect of nitrogen purging rate on the forced convection in this

apparatus.

Again, the importance of the conductive and convective heat losses

is perceived. Since the combustion of solid propellant is so much

susceptible to the external flow condition of the ambient gas, it was

decided to take a quiescent ambient gas as a standardized experimental

condition, except when the furnace was used.

4. Effect of Initial Strand Temperature on Extinguishment

Pressure

The dependency of extinguishment pressure on the initial strand

temperature was checked to construct basis for the experiments with the

furnace. Cylindrical samples, 1.43 cm in diameter and 2.2 cm long,

were preheated in a temperature-regulated oen for about 30 minutes.

The ;ample temperature was continuously monitored by a thermocouple

embedded at the center of the sample. When the sample center

LI
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temperature reached a desired value, the sample was mounted on a sample

holder, around which nitrogen gas, regulated at the same desired temper-

ature, was continuously purged before and during a test. The nitrogen

temperature was regulated by flowing the nitrogen through a copper tube

wound around a cartridge heater and by a temperature controller. In

spite of these precautions, the sample temperature, continuously 4
monitored by a copper-constantan thermocouple, failed to keep at steady

level. The experiment had to be performed quickly after the sample was

transferred to the test section. Extinguishment pressures were measured

by depressurization methods.

The results are shown in Figure A.5. Later, the rates of depres-

surization adopted in these tests were found not to be small enough to

give the real low pressure deflagrarion limit (refer to Chapter VII).

As the extinguishment pressure for a same fractional rate of depres-

surization still could be a measure of the combustion stability, it is

instructive to see the trend of extinguishment pressure as the initial

temperature is increased. The data nearly fall on a straight line for a

given rate of depressurization. As expected, the extinguishment pressure

is low,.red as the initial strand temperature is increased. The tendency,

however, is mild. Only about 20% lowering in the extinguishment pressure

was achieved by increasing the initial strand tempera ture by 40*C. If

the initial temperature is maintained within 10*C of the standard, the

extinguishment pressure can be measured with no more than 5% error from

this source.

9
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APPENDIX B

PROPELLANT PREPARATION, COMPOSITIONS, AND PROPERTIES

1. Propellant Preparation

Because some moisture is absorbed in storage, just prior to

mixing uncured binders, curatives, and ammonium perchlorate were dried

for two to three hours in a vacuum oven set at 800C. Uncured binders

were dried until no more bubbles came out. Lauryl methacrylate

monomer, which is readily oxidized at drying temperatures, was dried

in the presence of nitrogen.

Sigma-blade mixers were used for mixing the propellant

ingredients. The chosen mixer was preheated to about 600C by circu-

lating warm water. The propellant was mixed by the following

procedure:

(1) Weighed quanties of solid ingredients were added

to the mixer in the following order: coarse AP,

fine AP, and other additives.

(2) The mixer was evacuated to about 25 torr and the

solid ingredients were mixed for 15 minutes.

(3) The vacuum was broken, the mixer opened, and the

uncured polymer and the curative were added. For

PLMA propellants, benzyl peroxide powder was

dissolved in the lauryl methacrylate before the

monomer was added to the mixer.
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(4) The mixer was evacuated to 25 totr and kept for 10

minutes, then started and operated for 20 minutes.

(5) The mixer was stopped and opened, and the walls and

blades were scraped with a spatula.

(6) The mixer was then sealed and again evacuated, held

for 5 minutes, then operated for 20 to 30 minutes.

Two types of molds were used. For slabs from which strands were

later cut, shallow pans 16.5 cm x 11.4 cm in area and 1.27 cm deep were

fabricated. Each pan held approximately 400 g of the propellant.

Hollow grains were cast in sections of stainless steel tube, 2.2 cm

i.d. and 2.38 cm long, with dowel pins of 0.635 cm in diameter arranged

at the center. To cast 36 hollow grains in one mrl4, a total propel-

lant mass of about 500 & was required. The inner surface of slab molds

was lined with aluminum foil. Mold release agent (Rulon Spray #2, The

Connecticut Hard Rubber Co.) was sprayed on the surface of the aluminum

foil. The inner surface of hollow grain molds was doped with poly(vinyl

alcohol) (Plastilease 512-B, Ram Chemicals, Gardena, California) so

that the stainless steel hull could, after use, be easily cleaned by

water. The molds were preheated to 800C before the casting operation.

The viscous propellant mix was poured, spooned and tamped into

the heated molds at atmospheric pressure. The filled molds were put in

the vacuum oven maintained at 800C temperature. After 10 minutes'

warming time, the oven was evacuated to 7 torr. After about 10

minutes, the mold was taken out of the oven and the gas bubbles were

worked out of the soft propellant. This vacuuming and kneading

procedure was repeated two or three times until the bubbling from the

propellant surface was no more significant. Then the propellant was
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transferred to the main oven, for final cure at atmospheric pressure

and a temperature appropriate for curing the given propellant. The

surfaces of PLMA propellants were covered by high temperature wax to

prevent them from air contact. The curing temperatures and times

were as follows:

Binder Type Curing Times, Days Curing Temperature. °C

PBAA 5 80

PU 2 80

HTPB 4-5 57.5

PLMA 2 90-93

The cured propellant was wrapped with the aluminum foil and

stored for future use. When a series of runs was planned, test

specimens were cut from the slabs. Newly cut surface was coated with

Krylon acrylic solution. Just before a test, the coating was trimmed

away from the surface to be ignited.

The fluorocarbon propellant (TPF 1006) was supplied by the

Wasatch Division of the Thiokol Chemical Corporation, Brigham City,

Utah, already in the form of cured slabs 1.27 cm thick.

2. Propellant Compositions and Properties

The designations and compositions of all the propellants employed

in this study are listed in Table B.I along with their low pressure

deflagration limits.

The properties of propellants were mostly calculated from the

properties of the ingredients. Densities were also measured by weighing

specimens of measured dimensions. The measured density of a propellant

tI
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compared favorably with the theoretical value, as showh in Table B.tI.

Table B.11 also contrins the calculated thermal capacities, thermal

conductivities and thermal diffulvities of various propellants which

were extensively employed in this study. Using the properties of

ingredients shown in Table B.III, the theoretical calculations of

properties were carried out in the following ways:

Density

_ i (B-1)

P i

where p is the density of the propellant and wi and P i

are mass fraction and density of the i th ingredient

respectively.

Heat capacity

C a Zi wi c' (B-2)

where c is the heat capacity of the propellant and ci

is the heat capacity of the i th ingredient.

Thermal conductivity

The Maxwell equation, as used by Gorring and

Churchill [51) for the calculation of thermal conductivity

of heterogeneous materials and also adopted by other Utah

investigators [9,68], was employed to calculate the

thermal conductivity of propellants:

k 2 + v - 2n(l -v) (B-3)
2 + v + n(I -v)
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where v is the ratio of the thermal conductivities of

9 Pthe discontinuous phase to that of continuous phase, n

is the volume fraction of discontinuous phase, ka

is the thermal conductivity of the continuous phase,

9 and k is the conductivity of the propellant.|

According to references [9] and [68], Eq. (B-3) predicts j

the thermal conductivity within 3 to 4 percent of the

measured value.

Thermal diffusivity

Thermal diffusivity was calculated by the definition,

k -(B--4)

IPCi

A

14
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APPENDIX C

EXPERIMENTAL APPARATUS AND CALIBRATION DATA

1. Flow and Pressure Control Components for the Combustion Chamber

The flow diagram for the combustion chamber is shown in Figure

C.l. The descriptions of the components are as follows:

Component Descriptions

Combustion Chamber: 25 cm i.d. 44 cm height (approximately

20 liters in volume), designed and

tested for maximum pressure of 200

psig, custom-made, nickel-plated.

Main Dump Tank: 1,300 liters in volume, evacuated by a

type MD674 Nash Hytor Vacuum Pump in

series with a No. 2-26-6 Nash Air

Ejector. An absolute pressure about

0.016 atms could be maintained. The

vacuum system was made by the Lang

Wayne Equipment Company of Salt Lake

City, Utah.

Auxiliary Dump Tank: 60 liters in volume, maximum allowable

pressure 60 psig.

Main Exhaust Valve: 1-inch-port ball valve operated by

Ramcon pneumatic itctuator (Model P35FS



80 psi, Ramcon Division, Penwalt Corp.,

Elgin, Illinois).

Auxiliary Exhaust Valve: 3/8-inch needle valve operated by a

pneumatic cylinder (Type A-II,

Allenair Corp., Mineola, New York).

Main Orifices: 0.953, 0.238, and 0.159-cm orifices

were sharp-edged ones made of graphite.

The other orifices were smooth-edged

stainless steel ones originally used

by Schulz (refer to Table C.III).

Auxiliary Orifices: Sharp-edged graphite orifices, 0.635,

0.594, 0.475, 0.437, 0.356, 0.277,

0.198 cm in diameter, were used.

Main Exhaust Line: 1-1/2-inch pipe, approximately 4 feet

long.

Auxiliary Exhaust Line: Consisted of two portions, one 3/8-inch

diameter and 3 feet long and another

1-1/4-inch diameter and 7 feet long.

2. Electric Circuit for the Combustion Chamber

Figure C.2 shows the electric circuit diagram for the combustion

chamber. Two control panels were used: one was located in the control

room (shown on the top part of the diagram) and the other in the tunnel

near the experimental apparatus. The REMOTE-LOCAL switch was designed

to select one of the panels. Toggle switches and a push button switch

(for nitrogen supply) were used for the hand control of tests. A pre-

determined automat., sequence was generated by pushing the AUTO and
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then the START push button with desired settings on timers T-1, T-2, and

T-3 and on the pressure switch PS-1. After a run by automatic sequence

was over, the circuit was reset by pushing the RESET push button. The

RESET push button was also used to interrupt the automatic sequence

during a test. Either the RESET button on the control room panel or

that on the panel inside the tunnel was designed to be always ready for

functioning regardless of the position of the REMOTE-LOCAL selector

switch.

Automatic operation of the control circuit for the depressuriza-

tion extinguishment test was used for tests in both the combustion

chamber and the low-L* chamber. When the combustion chamber was used,

the pressure switch was removed from the circuit because it was not

needed. During tests with the smaller chamber, the timer T-1 was

disconnected. The rest of the control circuit was the same for both

cases. I
After preparation for a run was made, an extinguishment test

proceeded as follows:

a. Tht electric power was introduced by the MAIN switch.

b. The evacuated chamber was filled with nitrogen to the

desired level by pushing NITROGEN ON button. When

the large chamber was used, the nitrogen flow was

discontinued after the chamber pressure reached the

desired level, whereas it was allowed to continue

when the small chamber was employed.

c. The remote or local control of the test was determined

by the REMOTE-LOCAL selector switch.
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d. The AUTO button was operated to give the following

events: the magnetic switch MS-2 supplied electric

power to the automatic power line and the relay R-6

was energized to close its contact R-6, which was

normally open to isolate the automatic circuit from

hand operating switch.

e. The START bLtton was pushed: the relay R-1 started

the timer T-1 and energized the relay R-4 which

stopped the nitrogen feeding and closed the ignition

power lines (the timer T-1 was not adopted in small-

chamber tests).

f. Either when the set time on the timer T-1 was over

(in combustion chamber tests) or when the system

pressure reached the set pressure on the pressure

switch PS-1 by the help of combustion products (in

small-chamber tests), the relay R-2 was energized.

The relay R-2 opened the auxiliary exhaust valve

(this valve was disconnected in small-chamber tests)

and started timers T-2 and T-3.

g. When the set time on the timer T-3 was over, the

oscilloscope triggering circuit was closed, if the

oscilloscope was used.

h. The timer T-2 energized the relay R-5 after the set

time wp over. The relay R-5 closed the auxiliary

exhaust valve, simultaneously opening the main

exhaust valve V-l. The relay R-5 also stopped the
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power to the ignition line by opening the coil circuit of

the relay R--4.

i. After a test was over, the RESET button was pushed which

cut the power to the automatic circuit by de-energizing

the magnet switch MS-2 and also released the relay R-2

by the help of the relays R-8 and R-2'.

3. Circuits and Components of Measuring Units

The schematic circuit diagram for the force transducer, the

pressure transducer, and for photocells are given in Figures C.3, C.4,

and C.5 respectively. The detailed descriptions of the key elements

in those circuits and of the other instruments for data acquisition

and reduction are as follows:

Component or Instrument Descriptions

Force Transducer: The Universal Transducing Cell

Model UC3, Force Range +60 gms,

Statham Instruments, Inc., Oxnard,

California.

Pressure Transducer 1: PA285TC-150-350, 0-150 psia, or

Pressure Transducer 2: PA731TC-25-350, 0-25 paia, Statham

Instruments, Inc.

Pressure Transducer 3: Kistler Model PZ 14 quartz pickup,

Kistler Instrument Corp., North

Tonawanda, New York.

Photocell 1: Type 1N2175 N-P-N Diffused Silicon

Photo-Duo-Diode, Texas Instruments,

Dallas, Texas.

_ _ _ -4
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Photocell 2: 1P40 Infrared-Sensitive Gas Photo-

diode, Radio Corporation of America,

Harrison, New Jersey.

24VDC Supply: Model KR 24-.25, Universal Elec-

tronics, Santa Monica, California.

Strip Chart Recorder 1: Speedomax XL 600 Recorder, two-pen,

Leeds and Northrup Co., North Wales,

Pennsylvania.

Strip Chart Recorder 2: Electronic 19 Recorder, Honeywell

Inc., Denver, Colorado.

Oscilloscope: Tektronix Model 564, Tektronix Inc.,

Portland, Oregon.

Oscilloscope Camera: Tektronix Model C-2.

DC Amplifier 1: Accudata 120, Model No. ACC-120-1,

Honeywell Inc., Denver, Colorado.

DC Amplifier 2: CRC AMPLI-VOLT, The Chemical Rubber

Co., Beacon, New York.

Charge Amplifier: Kistler S/N 166 Model 568.

Tape Recorder: Model PI-1207, Precision Instrument,

Palo Alto, California.

The force transducer was calibrated by weights and the linearity

of the output with respect to the weight load was found to be excellent.

Before a series of tests, an appropriate calibration factor, the output

voltage per unit mass, was chosen by adjusting the input rheostat with a

reference weight applied on the transducer. The zero adjustment
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potentiometer was used to bring the output signal to an adequate

position on the recorder. Both the input rheostat and the zero

adjustment potentiometer were ten-turn Helipot precision potentiomers.

The relatively low resistance of 4.7 K employed in the zero adjust-

ment potentiometer enabled to bring the output signal to zero with a

load as much as 45 gm. A 24VDC power supply was replaced by a 22.5V

battery when the weight signal was recorded on the oscilloscope since

it produced some AC noise. The low pass filter was designed to cut

off the noise in force transducer signal originated from its natural

frequency about 100 Hz. The cut off frequency of the low pass filter

was 22 Hz.

The circuit shown in Figure C.4 was utilized for both Statham

transducers. The 12V battery was a rechargeable Cd-Ni cell. The

zener diode IN752 (zener breakdown voltage 5.6V) maintained the

excitation voltage at a constant level. Pressure transducers were

calibrated with a dead-weight tester. Again, the linearity between the

pressure and output was good within the normal range of each unit.

Figure C.5 actually depicts two different circuits; one for a

1N2175 photodiode and the other for a 1P40 photocell.

4. Calibration of the Quick Heating Furnace

The quick heating furnace and its control circuit, as shown in

Figure 111.5, consist of the following major components:

CDescriptions

Nichrome Strip: Tophet A Nickel Chrome, Size 1/4 x

0.0201", Ohms per foot 0.1005, Wilbur

B. Driver Co., Newark, New Jersey.
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Temperature Controller: Electromax C.A.T. Controller, Cat. No.

6261-2110-1-0, Range 93-1093*C,

Leeds and Northrup Co.

SCR Switch: Zero Voltage Power Pack, C12,

1144TP 1970, Leedj and Northrup Co.

Stepdown Transformer: Input 220V, 10:4 I/O ratio, Berg

Electric Co., Salt Lake City, Utah.

Thermocouples: 0.01 inch chromel and alumel type.

Calorimeter: Used for calibration:

Asymptotic Calorimeter, Model

C-1301-A-120-072, Hy-Cal Engineering,

Santa Fe Springs, California.

The performance of the temperature controller was checked by

comparing the set temperature and the actual temperature of the nichrome

strip which was indicated by the thermocouple output. The calibration

was undertaken at two pressures, 0.85 atms and 0.01 atms. No signifi-

cant effect of pressure was noted. As shown in Table C.I, the actual

wall temperatures are slightly lower than thn set tempetatures, the

offset increasing as the set temperature is increased. The offset is,

however, less than ten degrees when the set temperature is less than

8500C. These calibration data related the true wall temperature to

the given set temperature since the furnace set temperature was

taken as the experimental variable. Also are shown the furnace

heating time with and without the radiation deflector. The effect

of the deflector on the heating time becomes pronounced as the

LI
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furnace set temperature is increased. When the furnace set temperature

is less than 800*C, the furnace can be brought to the set temperature

within a half minute.

The furnace radiation heat flux, reaching to the pos4.tion where

the propellant burning surface would be located, was calibrated with

respect to the actual furnace wall temperature with the Hy-Cal

calorimeter. An Electronic 19 recorder was used to record the thermo-

couple output. The calibration data are plotted in Figure C.6 along

with the black body emissive power. The actual radiation flux is

approximately two-thirds of the black-body flux corresponding to the

measured temperature with the radiation deflector insta]led and only

one-third of it without the radiation deflector. The spatial variation

of the radiation flux was examincd for three positions: 0, 1.27, and

2.22 cm above the bottom plate of the furnace. As seen from Figure C.6,

the higher position receives slightly more radiation heat flux. The

variation of the radiation heat flux between 1.27 cm and 2.22 cm

position is noticed to be less than three percent. The propellant

burning during a test usually occurred between those distances.

Consequently, for the zone of interest the spatial variation of the

radiation flux was concluded to be negligible.

The heating rate of propellant samples exposed to furnace heat

flux was measured to standardize experimental procedures. Under the

conditions for an actual depressurization extinguishment tests with

furnace heating, but without the propellant burning, the temperature

at the center of the sample was monitored by 0.005-inch-diameter

copper-constantan thermocouples. The results are presented in
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Table C.Il. It is noted that almost a minute is required to heat up

samples similar to those used in the extinguishment test by ten

degrees when the furnace temperature is 700 to 800'C.

5. Pressure History During Depressurization Extinguishment Tests

A universal representation of the depressurization rate was needed

to compare the extinguishment data from different apparatus. Although

the actual measurement of the pressure history fulfils this requirement,

an approximate estimation of the fractional pressure decay rate can be

made by the volume a;id orifice size. With the assumption of an ideal

nozzle, the theoretical pressure-time relationship during the blowdown

of a chamber is given by the following equations:

AdiabatLic blowdown

PO ( + Y (C-l)
2 i

8= * 2 Y- 1(C-2)

VAa (C-3)
n o

aO =0 M (C-4)

where p is pressure; po' initial pressure; y, heat-capacity ratio;

t, time; V, chamber volume; A , the cross-sectional area of orifice;

n
ao, the initial speed of sound; R', gas constant; To, temperature of
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gas in the chamber at start of blowdown; M, molecular weight of the

gas.

Isothermal blowdown

- e T , or (C-5)Po

d Inp= (C-6)
dt

The pressure history during relatively slow depressurization,

uhich condition prevails in the depressurization of the large combus-

tion chamber for all orifice sizes, would be closely approximated

1,y Eq. (C-6). is a first approximation, the fractional rate of

depressurization could be estimated roughly by Eq. (C-6) even for the

smaller chamber. Thus, the fractional rate of depressurization was

calculated for both chambers with the following information:

The gas was assumed to be air at 25*C: y= 1.403

The volume of the larger combustion chamber: 20.12 liters

The volume of the smaller chamber: 0,98 liters

The volume of the auxiliary dump tank: 120.72 liters

The calcilated results are listed in Table C.III.

The actual pressure history during depressurization from the

larger chamber was measured for several orifice sizes without the

burning propellant inside the chamber. It was observed that the actial

pressure decay rates were bracketed by the adiabatic and the isothermal

blowdown predictions. On Figure C.7, comparisons are made between the
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actual pressure histories during depressurization extinguishment in the

larger combustion chamber and the theoretical predictions. Except the

case when the initial chamber pressure is very low, the actual pressure

histories are shown to agree with the theoretical predictions reasonably

well. That such a marked deviatio. can occur serves warning that

theoretical prediction may be of chief value only in guiding the

selection of the vent orifices.

I

I
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Figure C.3. Circuit Schematic Diagram for Forcc Transducer.
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Table C.I. Calibration Data of Temperature Ccntroller for Quick
Heating Furnace and Furnace Heating Times.

Heating Time
Controller Set Actual Furnace Wall
Temperature Temperature

0C OC Without With
Deflector Deflector

sec sec

150 146 2.0 ---

200 196 3.5 3.5

300 296 5.7 5.4

400 396 8.2 7.5

500 496 11.0 10.0

600 595 14.6 13.2

700 693 19.7 17.2

800 792 30.0 26.8

850 842 62.0 36.0

900 932 --- 102.8

..
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tI
Table C.II. Heating Rates of Samples in Furnace.

PropellanL: UDJ (PU/78.4 AP/2CB).

Pressure: The± Combustion Chamber was Depressurized from 0.22 arms to
0.05 atms through 0.318 cm Orifice During Tests. iIISample Initial Temperature: 21°C.

No Cooling Nitrogen Was Introduced.

Sam, le Size Heating Time for

Furnace Set Sample Center Ignition
Temperature Temperature Time

Diameter Length 0C to Reach 31*C sec
cm cm sec

0.95 2.22 700 24 52

1.43 0.95 750 37 --

1.43 2.54 700 56 62

1.43 2.54 750 56 --

1.43 2.54 800 50 --

-- , , ,
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Table C.III. Calculated Fractional Rates of Depressurization for
Combust~on Chamber and Small-L* Blow-down Chamber for
Various Orifice Sizes.

-i
Orifice Size Fractional Rate of Depressurization Rate, sec

Small-L* Combustion Combustion Chamber
inch cm Chamber Chamber and Auxiliary Dump Tank

1.896 4.82 355

1.500 3.81 223

1.000 2.54 99.0 4.82 0.686

0.850 2.16 71.5 3.47 0.496

0.700 1.78 48.5 2.35 0.336

0.600 1.52 35.7 1.73 0.247

0.500 1.27 24.8 1.20 0.171

0.375 0.953 13.9 .675 0.0964

0.250 0.635 6.2 .300 0.0429

0.177 0.450 3.1 .150 0.0214

0.125 0.318 1.6 .0750 0.0107

0.0938 0.238 .0422 0.00603

0.0625 0.159 .0188 0.00269
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APPENDIX D

INTERMITTENT BURNING OF A HIGHLY-FUELED

PU PROPELLANT UNDER FURNACE HEATING

1. Background

As briefly mentioned in Chapter VI, the strands of a highly-fueled

PU propellant (UDF) responded strangely when an external heat flux was

imposed on the burning surface. Differing from the other propellants

tested, this high Pdl propellant would not burn steadily at pressures

below its Pdl' even with an external heat flux of 1.64 cal/cm 2 sec.

Instead, it exhibited intermittent burning with augmenting beat flux,

i.e., a periodic repetition of ignition, deflagration, and extinguish-

ment. This intermittent burning of propellant qtrands under relatively

weak external heat flux appears to be closely related to the chuffing

of rocket motors.

An extensive study on chuffing was made by Huffington [63] with

cordite charges in a small vented vessel. He observed that the

recession of the propellant surface during a single chuff was roughly

constant more or less independent of pressure over a wide range, of

chuffing frequency, and of charge design; and that the average burning

rates were abnormally high during a period of chuffing. Based on those

observations, he applied Frank-Kamenetsky's thermal explosion theory to

explain the chuffing phenomenon, postulating that burning during
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chuffing is thermally explosive in nature, being governed by a

condensed-phase exothermic reaction. Clemmow and Huffington [30] ex-

tended this theory to explain oscillatory burning. Young and Angelus

(138] followed a similar approach in their study of chuffing and non-

acoustic instability of rocket motors fueled with modified double-base

propellants. However, later investigators suggest that this approach

may be erroneous, except, perhaps, for double-base propellants,

because chuffing and non-acoustic instabilitiy are exhibited by many

propellants for which the existence of sub-surface exothermic reactions

is very questionable. Modern theories for chuffing and nonacoustic

instability are based on the stability analysis of the motor considering

the interaction between the combustion and mass flow through the nozzle.

However, an explanation is needed for the observation in this

study that a chuffing-like phenomenon is also observed in strand burner.

As the oscillatory burning of propellant strands at low pressures is due

to the intrinsic instability of the combustion wave, this chuffing-like

phenomenon is also thought to be a manifestation of the same inherent

properties of the propellant combustion. There is, however, a

fundamental difference. Oscillatory burning Is continuous and self-

sustained while Intermittent burning needs eLther a finite amount of

external flux to provide reigautien or the persistance of local hoL

spots during the non-burning phase of the chuff.

2. Ex eriment Results

Figure D.l shows the force transdiicer signals dLring intermittent

burning at various pressures witt the measured furnace temperature of

L
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7 900C. The salient periodicity is pronounced. The periodicity and the

ignition and deflagration times are tuuch influenced by the pressure.

The oscillation has its greatest frequency at 0.1 atms. At higher

pressures, both the ignition time and deflagration time are longer

and the burning is very erratic. At very low pressure, 0.04 atms, the

burning is rather smooth and slow. The jump of the force transducer

signals at the initiation of burning is caused by the recoil due to the

explosive mass evolution. The burning rate, being roughly indicated by

the mean slope of the force transducer signal, decreases steadily as

the deflagration proceeds until the extinguishment occurs. No

appreciable change of mass is detected during the non-burning phase.

Visual observations during the intermittent burning at low

pressures indicated that a bright flame suddenly developed all over

the propellant surface and then the flame diminished in size and

luminosity, until burning ceased. The extinguishment appeared to be

complete, showing no sign of residual burning on the surface. A thick

surface layer of modified polymer was found on the extinguished surface,

which had the same appearance as those seen on the extinguished surface

of the normally burring PU propellants near their low pressurp

deflagration limits. The thicknes of the modified zone was approxi-

mately one millimeter at 0.1 atms, corresponding closely to the

deflagration distance during one large cycle of the oscillatory burning

of the highly-oxidized PU propellants (refer to Chapters V and VI).

Again, the existence of the surface layer appears to be related tu the

peculiar burning nature of this highly-fueled PU propellant.

Mihlfeith [87] also reported that a highly-fueled PU propellant (60% of
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5 mic:on AP) showed periodic combustion wavelets on the burning surface

when the propellant sustained combustion with intense external heat

flux at atmospheric pressure.

ITable D.I summarizes the data of intermittent burning of UDF

propellant under furnace heating. The intermittent burning was

observed to take place over a wide range of pressures when the furnace

twall temperature was 900*C. The propellant would not be reignited

after a chuff when lower furnace temperatures were used with higher

pressure (0.5 atms or more). With a furnace wall temperature of 800C

and very low pressures (refer to Runs 20 and 21), the propellant surface

regressed by successive explosions with a very short time interval.

Thus, periods are shown to be unusually short.

One of the most interesting results to be noted from Table D.I is

that the deflagration distance during a cycle is almost constant, about

0.6 n, being little dependent on the pressure when the pressure is less

than 0.3 atms. This result is similar to the observation made by

Huffington. The burning distance during a chuff becomes greater as the

pressure is increased above 0.3 atms. The dependency of burning rate on

the pressure is milder than would be expected for a normal burning, as

can be shown by dividing the burned distance by the burning time. The

ignition time is certainly greater at higher pressures, a disagreement

with the results of Yount and Angelus [138). The total period of the

intermittent burning is, accordingly, longer at a higher pressure.

This tendency is again the same as Huffington's result, and opposite to

I
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the pressure dependency of the period in continuous oscillatory burning,

as shown both by Huffington and by other perts of this study.

From Figure ".1, one may notice that the average burning rate

during a cycle, being the mean slope of the force transducer signal,

seems to be little affected by the pressure. The observation is

confirmed by Figure D.2, where the linear regression per cycle is

shown to be constant over the pressure range 0.04 to 1.1 atms. This

result suggests that the gross deflagration rate is almost totally

determined by the tate of energy input from the external source. Thus,

the energy contributed by the gas-phase flame during the intermittent

burning appears to be insignificant.

Similarities appear to exist between the intermittent burning and

the continuous oscillatory burning of highly-oxidized propellants at

low pressures. It is instructive to compare the dimensionless frequency

parameters for both cases. Computed dimensionless parameters for

intermittent burning, based on the averaged burning rate, are shown in

Figure D.2. Most values lie between 7 and 23 for pressures lower than

0.2 atms, bracketing values for the continuous oscillatory combustion of

more highly oxidized PU propellants near their low pressure deflagration

limits. Thermal capacitance of the solid phase plays a role in both

cases.

In Figure D.3, the ignition period ing a chuff at 0.1 atms is

plotted as a function of the external heat flux in logarithmic scales.

A straight line of slope -2 correlates the dat:, indicating that the

ignition during an intermittent burnitng follows the prediction of the

thermal ignition theory (see 72 for example).
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3. Discussion of Results

I

a. Computation of the Net Heat of Gasification

The lack of dependence of the gross regression rate on pressure

provides a means to compute the net heat of gasification. The

instantaneous burning rate, r, is related to the instantaneous total

feedback heat flux, f, by the energy balance at the burning surface:

fr T. (D-1)p[c(r s - TO ) + q]

With the assumption that pfc(T - To) + qJ is a constant, taking the
S 0

time average for a single chuff,

r= 1 f (D-2)C(-T) + q] ( d)
S 0

where r is the averaged burning rate during a chuff and t is the period

of a chuff. Since the contribution of the energy feedback due to the

gas-phase flame is insignificant during the burning period, the time

averaged feedback flux can be approximated as being the external heat

flux, f r Rearranging Eq. (D-2), we have

f
q r= - c(T8 - T) "  (D-3)

pr

With the numerical values, f r 1.64 cal/cm 2 sec, P - 1.57 g/cm 3,r

r M 0.01 cm/nec, c(Tq - TO) = 100 cal/g, the computed q becomes 4 cal/g

(endothermic). Note that with the same value of c(Ts - T0 ), the heat

flux-augmented burning rate data give slightly negative values of q
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(exothermic) for the more highly oxidized propellants (refer to Table

VI.I). The result is consistent to our expectation that a more fuel-

rich propellant would have a more endothermic net heat of gasification.

h. The Mechanism of Intermittent Burning

Although many features of the intermittent burning resemble

those of thermal explosion, it is not likely to be explained by the

thermal explosion theory alone. Rather, melting and other combustion-

modifying changes of the polyurethane polymer along with temperature

conditioning of the overall solid by a moderat, external heat flux

appear to account for the observed phenomenon.

The moderate external heat flux, which i. not sufficient to help

sustain the combustion wave of this propellant at the pressure level

employed, heats up the solid and produces a thick thermal wave which

is an effective increase in propellant temperature. The polyurethane

polymer also undergoes melting and then drying changes for this pre-

ignition period. The drier and warmer layer of the solid near the

exposed surface eventually reaches the ignition temperature. The

combustion wave generated advances to a position where the polymer

melt prevails and the surface temperature is low, and stops. Another

pre-heating period must transpire before the propellant is reignited.

At a higher pressure the deflagration procetus to a greater distance

because a larger energy feedback from the gas-phase flame helps

combustion persist at a lower propellant temperature, and therefore,

a longer heating time is needed for the reignition of the extinguished

propellant. The experimental results support this view.

tI
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The dominance of the condensed-phase action is the common fsctor

for the intermittent burning of a highly-fueled PU propellant and the 

oscillatory burning of highly-oxidized propell:nts. The difference is

that the oscillatory burning cf highly-oxidized propellants is self-

sustained due to the hotter flame and less polymer melt in the solid

phase. Moreover, the oscillatory burning is inferred to be featured

by the phase difference between the decomposition of the oxidizer and

the binder while in intermittent burning the decompositions of the

ingredients are in phase and the periodical burning nature appears

purely thermal.

_ _.. . . .. ... . . .
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Figure D.l. Force Transducer Signals During Intermittent Burning of a
Highly-fueled PU Propellant in Furnace Heated to 900'C.
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APPENDIX E

MEASUREMENT OF THE SURFACE TEMPERATURES OF BURNING STRANDS

The low burning rates of propellants at low pressures produces

thick thermal wave in the solid, which suggests a simple, direct

measuremenit of the surface temperatures. The thermal wave thickness

is of the order of one millimeter near the low-pressure deflagration

limit of burning propellants. An attempt was made to measure the

surface temperature with fine thermocouples.

The chromel-alumel thermocouples employed were purchased from

Science Products Corp., Dover, New Jersey. The bead of the thermo-

couples was formed by pressing 0.005-inch thermocouple wires to give

a junction 0.001 to 0.0002-inch thickness. The junction was thin and

flat, and thermocouples of 0.001-inch thickness were adopted for this

study.

The junction of the thermocouple was embedded in the middle of

the propellant sample. A section of the sample was cut out as shown

in the Figure E.I. The bead of the thermocouple was pushed into the

propellant so that the flat face of the thermocouple junction was

parallel to the burning surface. A small amount of Krylon acrylic

solution was used to cement the pieces of the propellant together.

The time when the thermocouple bead emerged from the burning

surface was determined by measurement of the electrical conductivity

from the thermocouple bead to an electrode attached on one side of the

___ __ ______ ____________
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sample. The electric circuit is shown in Figure E.2. A 10 mega ohm

re-istor was used to isolate the conductivity measuring circuit from

the thermocouple circuit.

Figure E.3 shows oscilloscope traces of the conductivity and

thermocouple siguals during ai actual run. The photocell signal is

also shown. In this test, the system pressure initially was kept at a

constant level and then dropped to quench the burning after the

thermocouple bead protruded from the burning surface. The point where

the conductivity signal starts to fluctuate after increasing mono-

tonically was assumed to be the moment when the thermocouple bead

reaches the burning surface. This assumption was confirmed by

examining the extinguished sample. In this test, the thermocouple

bead projected out of the burned Rirface 0.3 mm, indicating that 1.2

seconds had elapsed from the moment when the bead was exposed on the

burning surface until extinguishment occurred. Since the steady

burning rate of this propellant at this pressure is 0.025 cm/sec, it

would take 1.2 seconds for the surface to regress by 0.3 mm, which is

consistent with the measured protrusion of the thermocouple. The

change in the slope of the thermocouple signal shown in Figure E.1

during the rise in temperature appears to be caused by the partial

quenching of the flame when the burning surface reaches the cut andII
glued portion of the propellant and also by the radiative heac loss

from the thermocouple bead to the surroundings.

There exists, however, some uncertainty in the determination of

the temperature when the thermocouple bead reaches the burning surface.

As shown in Figure E.3, the point where the conductivity signal starts

to fluctiate does not coincide with the time when the slope of the
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thermocouple signal changes. The positioning ot the the.rmocouple bead

and the orientation of the burning surface apparently cause this

uncertainty. The lower and upper bound of the surface tempt.,ratur

were taken at the point where the conductivity signal starts to

fluctuate and at the moment when the slope of the thermocouple signal

changes abruptly. The results of these preliminary runs are summarized

in Table E.I. Corrections for the heat losses from the thermocouple

junction by conduction through the leads and by radiation to the

surroundings were not made for those temperature data. Thus, those

temperatures should be taken as the minimum possible values of the

real surface temperatures.

I

~ii

iI
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--- Zero Luminosity

S--- Zero Conductivity

--- zero Ther-mocouple
Output

Run No.: 2222-19, Propellant: G, Pressure: 0.067 arms
Vertical Scale: Thermocouple, 5 uV/division

Conductivity, 5 V/division
Eorizontal Scale: 2 sec/division

Figure E.3. Typical Osc1loscope Traces for a Run Measuring
Burning Surface Temperature. Light,
Conauctivity, and Thermocouple Signals Are Shown.

Table E.I. Summary of Measured Burning Surface Temperatures.
Corrn'-tiona for Conduction and Radiation Heat Losses
Were Not Made.
Fropellant: G Pressure: 0.067 atms

Burning Surface Temperature, *C

Run No. 2222

Range Average

16 225 - 259 242

17 206 - 243 224

18 223 - 237 230

19 221 - 271 246
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APPENDIX F I

ELECTRICAL PROPERTIES OF COMPOSITE PROPELLANT COMBUSTION

1. Background

During the early stage of the study on the depressurization

extinguishment, difficulty was encountered with determination of the

extinguishment point due to the very low luminosity of some propellant

flames at low pressures. In order to overcome the difficulty, the

measurement of the electric conductance across the burning Fropellant

surface was considered as an indicator of extinguishment. Although

the difficulty with the optical detection system was solved by using

an improved arrangement of the photodiode, the preliminary results on

the conductivity measurement across the burning surface were interesting

enough to suggest some further study. The object of this program was

to gain basic information on the nature of electric conductivity

across the burning surface -or future application of this property in

characterizing the burning of composite propellants.

Yin and Hermance (137] monitored the electric conductivity across

the burning surface to determine the extinguishment point during rapid

depressurization. The experiment-ii results of Bestgen and Wright [F1]

showed that the electrical conductivL'y thiough a solid prcpellant was

strongly affected by the temperature, increasing as the temperature
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was increased. This result suggests the possibility ot influencing the

burning rate by dissipating electric energy in the thermal wave near the

surface of a burning strand. If one can introduce external energy to

the surface in this manner, a significant improvement in the technique

developed by Mihlfeith et al. (87] for characterizing the transient

response of propellant combustion could be achieved. An alternating

current with pre-assigned frequency could be introduced tc the burning

surface to perturb the steady burning. Mihlfeith et al. could only

modify the burning rate of very cleanly burning propellants by external

radiant heat flux. Aluminized propellants could not be treated.

Mayo et el. [F9] report that aluminized propellants have a much

greater conductii-y than non-aluminized ones, and it appeared possible

to use electrical energy to perturb the burning of these systems. The

modification of propellant burning rates using a strong electric field

-s been attempted by several investigators [Fl, F9], but with little

success. Bestgen and Wright [Fl] observed that the regression rates of

propellants were increased when the propellant temperature was enhanced

by the breakdown current produced by high voltage across the propellant

sample.

In the program discussed here, the electrical conductance of the

burning surface was measured. The effects considered were the influence

of propellant composition, electrode materials, pressure, electrode

geome.ry, and the magnitude of the applied voltage. This investigation

a,' o .) ,'ed studies of the augmentation of the burning rate by

':. cwrgy and the transient response of electrical conductivity

t,* '7iLe during rapid depressiirization.
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2. Experimental Procedure

a. Conductivity Near the Burning Surface

The samples used for these tests were of rectangular cross-section,

being typically 0.75 cm x 0.75 cm. As shown in Figure F.1, two of the

opposed sides of a sample were covered by thin-film electrodes.

Several electrode materials were considered:

silver conductive paint: XC-3800 Silver Conductive Coating,

The Hanna Paint Mfg., Inc.;

silver leaf and gold leaf: very thin (approximately 0.2 micron)

foil for decoration, the maker is

not known;

tin foil: 0.0005" thickness, TX645 CB1025,

Matheson, Coleman and Bell.

The s'lv3r conductive paint was directly applied on the propellant sur-

face and dried in place. When foils were used as electrodes, thin

films of gold-leafing adhesive were applied to the surface of the

strands approximately 10 minutes before Lhe foil electrodes were

attached. Thr-_.-mm-wide aluminum-foil leads were connected to the

gold electrodes by use of the silver conductive paint. About an hour

was then allowed for the adhesive for cure.

Figure F.2 shows the circuit diagram used for the measurement

of electrical conductivity. The resistor box, consisting of six

precision resistors, was specially designed to measure the electric

conductance over a wide range.

The propellant sample was mounted on the insulator mount using

double-face tape. The combustion chamber was filled with nitrogen and
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kept at a constant pressure during the steady-state measurement of the

conductivity. Ignition was achieved by nichrome wires or pyrofuse

wires. The conductivity and pressure signals were photographed on the

screen of a Tektronix model 564 oscilloscope. In some cases, a

Honeywell Electronic 19 recorder was used to record the conductivity

signal and the pressure was read from a manometer or a pressure gauge.

After burning in steady state for several seconds, the flame was

quenched by rapid depressurization to permit inspection of the

electrodes. The conductivity during depressurization was measured.

In many tests, the light of the flame and the weight of the

sample were also monitored by a photocell and the force transducer

respectively for comparison to the conductivity data.

b. Burning Rate Augmentation by High Voltage Power

A high voltage power source (maximum 5 KV) was used to introduce

electrical energy to the burning surface. The preparations of samples

were largely the same as (a) above. Gold foil electrode was mainly

employed for these tests. In order to prevent the failure of electrodes

by electrical breakdown, the electrodes were coated with thin films of

a high voltage insulator (Corona Dope, G. C. Electronics). The

steady-state burning rates were Ieasured by the force transducer.

The power supply was turned on when approximately half of the sample

was burned, and the change in the rate of change of the weight

transducer signal could be measured. The actual current and voltage

during a run were read from meters.
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3. Results and Discussion

a. Ohmic Nature of the Conductivity Across the Burning Surface

The current density across the burning surface was measured as a

function of the applied voltage for various pressure levels and the

results for 2.1 atms are shown in Figure F.3. Current densities were

obtained by multiplying the ratio of the distance between electrodes to

the width of an electrode to eliminate variations due to the sample

geometry. A straight line passing through the origin is shown to

correlate the data very well. This proportionality between current

and voltage indicates an ohmic nature of the conductivity across the

burning surface under the electrode geometry considered. A similar

relationship was found to hold for the electrical conductivities at

the other pressures.

This ohmic nature of the conductivity across the burning surface

supports the contention that the current path across the burning surface

is not totally through the gaseous flame. A purely gaseous conductor,

being composed c uniformly ionized gases, would show a parabolic

functional relationship between voltage and current [F7, F1I.

b. Non-Ohmic Nature of the Conductivity Across the Burning

Surface

The proportionality between voltage and current depicts only one

aspect of Ohm's law. The other aspect of Ohm's law is that the

resistance should be proportional to the distance between electrodes.

As shown in Figure F.4, this property of Ohm's law is not well satisfied
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by the resistance across the burning surface. The resistance at the

pressure of 0.85 arms is proportional to the distance when the distance

between electrodes is less than 0.4 cm. For the distance beyond 0.4 cm,

another straight line is required to fit the data, and a discontinuity

is apparent at about 0.4 cm. The conductivity data for tests at 0.067

atms which employed larger samples are also well represented by a

straight line which, however, does not extend through the origin.

This non-ohmic nature of the conductivity across the burning

surface indicates the complexity of the process. It appears that the

conduction through the gas phase forms a large portion of the total

conductivity at 0.85 atms. The sharp change of the dependency of the

electric resistance on the distance between electrodes around 0.4 cm

appears to be due to the space charge effect near the electrodes, and

the sheath thickness of the space charge is apparently near 0.4 cm.

The interaction between the gas-phase space charge and solid phase

conduction may result in the observed increase of resistance before the

0.4 cm distance. When the distance is bigger than 0.4 cm, the increase

of resistance with respect to distance is likely to be contributed by

the solid phase since the gas-phase resistance is essentially constant.

The situation is slightly different at 0.067 atms. The slope of the

line correlating the resistance to distance is much steeper at 0.067

arms than at 0.85 atms when the distance between electrodes is larger

than 0.4 cm. The condensed-phase conductivity could constitute a

larger portion of total conductivity when the pressure is very low.

L
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c. Separation of Conductivity Between Gas and Solid Phase

Contributions

An experiment was designed to aeparate the total electrical

conductivity near the burning surface into the gas-phase and solid-

phase cunt-ributions. The solid phase conduction was effectively

eliminated by inserting a thin mica sheet in the propellant strand so

that it formed a barrier parallel to the electrodes. A rubber

adhesive (Rubber Adhesive 1300L, 3M Corpany) was used to attach the

mica sheet and propellant sur.a-e together. The mica barrier was

inserted only at the lower half of the propellant length so that the

change of condictivity could be measured as the mica strip reached

-he flame front.

Data from these tests is presented in Figure F.5, as total

conductance and gas conductance, as a function of the reciprocal dis-

tance between electrodes. Interestingly, the gas conductance does not

vary with the distance while the solid conductance, being a dominant

portion of the total conductance at this low pressure, is inversely

proportional to the distance. Those results explain the strong

dependency of the resistance on the distance between electrodes at

0.067 atms as seen in Figure F.4. The results also support the

assumption that resistance across the gas-phase flame is concentrated

around the electrodes.

d. Effect of Pressure on the Conductivity Across the Burning

Surface

The total conductivities across the burning surface of several

aluminized and non-aluminized propellants were measured as a function
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of pressures. Figure F.6 shows some of the results. The reproducibil-

ity of the experimental data is excellent. Strangely, all propellant

show a maximum conductivity at a pressure about 2 atma, In general,

the total conductivity increases as the pressure is increased at

pressures below 2 atms, whereas the inverse is true at higher pressures.

The G and UDE propellant have almost the same conductivity above 0.2

atms. The UDE propellant conductivity at pressures below 0.2 atms is

shown to increase as tbe system pressure is lowered. The G propellant

exhibits a sh-w decrease of conductivity as the pressure is decreased

below 0.2 atms. The conductivit of the aluminized propellant is

slightly higher than those of the non-aluminized ones.

The peculiar dependency of tle conductivity on the pressure

required an explanation. The conductivity across the burning surface

with the electrode geometry considered Is influenced by many factors.

The conductivity is certainly composed of both gas and solid contribu-

tions. The conductivity through the gas-phase flame is affected by the

effective surface area of the electrode and the ionization potential of

the electrode material and by cooling, space charges and other effects

around the electrodes. Intrinsically, the gas-phase conductivity is

indicative of the density of ionized particles in the gas phase so that

it is very sensitive to the existence of alkali metals which Lould be

included in the propellant sample as impurities. The heterogeneous

nature of the solid phase also prohibits a simple interpretation of

its electrical conductivity.

To gain some more information on the effect of various factors

on the measured conductivity, the dependency of conductivity on the

I

I
I
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electrode materials was sought. As shown in Figure F.7, the use of

similar materials such as silver paint, silver leaf, and gold leaf

yielded essentially the same values of conductance. However, the use

of tin foil, which ham a much lower melting point than the other

materials, gives significantly lower conductance. Although all kinds

of electrodes considered in this study apparently recede with the

burning surface, the portion of electrodes which protrudes out of the

burning surface appears to depend on the kind of electrode material

and to have an effect on the measurement. A material which has a lower

melting point could leave less protruded parts above the burning sur-

face. The maximum conductivity around 2 atms is shown by all kinds

of electrode materials. Probably, this maximum conductivity is an

indication of some intrinsic nature of the propellant burning.

The peculiarity of the increased conductivity of UDE propellant

for pressures lower than 0.2 atms was explained by the tests which

separated the conductance into gas-phase and solid-phase contribution

as shown in Figure F.8. At the very low pressures, the thermal wav

in the solid phase is apparently thick enough to produce the increased

conductivity. The solid phase contributes more than 90 percent of the

overall conduction below 0.1 atims. As expected, the solid phase

conductivity decreases as the pressure is increased and approaches a

very low value at 0.5 atms. The solid-phase conductivity then tends

to increase again as the pressure is further inrreased. This effect

has not been explained. The conductivity data of the solid phase for

pressures more than 0.5 atms are not, however, very reproducible. The
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technique of using mica sheet is apparently not suitable at the higher

pressures.

e. An Interpretation of the Maximum in the Conductivity Curves

The occurrence of the maximum in the conductivity curves around

two atms is possibly explained by the thermal ionization of gaseous

molecules. The alkali-metals included as impurities could be the

major source of ions while the gaseous molecules of combustion products

may also be dissociated to form some portion of the ions by chemi-

ionization. The ion concentration due to thermal ionization can be

calculated by Saha's relation (F4]:

log K - log(____ U + logT - 6.49 + log G (F-l)
1 2 -. 573T 2 1

where K is equilibrium constant for ionization; x is the fraction of the

initial atoms which is ionized; p is the total pressure; U is ionization

potential of the atom expressed in calories/mole; T is the absolute

temperature in eK; and G - g+g-/got and the g's are the statistical

weights.

Equation (F-l) indicates that the ion concentration in the gas

phase increases as the flame temperature is increased and as the

system pressure is lowered. As mentioned in Chapter IV, the flame

temperatures of composite propellants is very low at subatmospheric

pressures so that the temperature effect might dominate the ionization

process at low pressures. At higher pressures, however, the flame

temperatures become close to adiabatic flame temperatures and do not

vary aignificantly as the pressure is increased so that the pressure

L ___ ____



291

effect may be governing. As a result, one may expect that a maximum in

the conductivity would appear at some pressure above atmospheric.

f. Burning Rate Augmentation by High Voltage Power

Figure F.9 shows the conductivities across the burning ai!face

measured when high voltages were applied. Although such measured

conductivities do not change much with pressure, their magnitudes are

nearly those measured by use of low voltn es.

The augmentation of regression rates by the dissipated electrical

energy at the burning surface was investigated for three propellants and

the results for one of them is shown in Figure F.10. A detectible

increase of burning rate was achieved by the dissipation of the

moderate level of electric power. Some difficulty was encountered in

measuring the increased burning rates. The sample had a tendency to

burn faster at a position near the electrodes when the electric power

was applied, which produced a wedge-shaped burning surface. Thus, the

augmented burning rate was taken from the portion of weight signal

immediately after the power was introduced. The other two propellants

tested, UER and UEG, also showed similar augmentation of burning rates

by electric power. These results suggest that electrical dissipation

could be used as an alternative to the radiant energy input in the

technique developed by Mihlfelth [871.

g. Transient Conductivity During Depressurization

Figure F.11 shows the oscilloscope traces of the light,

conductivity, and weight signals along with the pressure signal during

a slow depressurization test. In these pictures, the time when the
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conductivity signal drops to zero is seen to coincide with the moment

when the light luminosity disappears. The weight signal also ceases

to decrease at the same instant. The numerical values of the

conductivity of those runs were observed to follow the steady state

values until the pressure reached a pressure slightly above the

extinguishment pressure. As the extinguishment point was approached,

the transient conductivity deviated from the steady state value until

it dropped to zero. It appears that the conductivity during de-

pressurization may contain some information about the burning rate

response.

Another point to be noticed from these oscilloscope traces is

the peculiarity of the conductivity signal of an aluminized propellant

as shown in the lower figure, At pres.urcs above 10 aLms, the

conductivity of the aluminized propellanr is similar to that of the

non-aluminized systems. However, the conductivity signal of the

aluminized propellant tends to fluctuate with increasingly bigger

amplitude as the pressure is lowered. The steady burning tests also

showed this tendency for fluctuation of the conductivity at about the

same amplitude. At subatmospheric pressures, near the limiting

pressure, the fluctuation of the conductivity was observed to be so

large that the momentary maximum conductivity approaches near

infinite values, indicating that the surface becomes fullyconductive

at that moment. It appears that the agglomerated aluminum particles

on the burning surface momentarily make a closed circuit before the

shedding breaks the bridge. Conductivity measurement could be a Lseful
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tool to characterize agglomeration of aluminum during the burning of

aluminized propellants.

Figure F.12 shows the conductivity signal of n run made with a

very slow rate of depressurization. Note the maximum in conductance

F.c about 2 atms. The measured conductivity of this run faithfully

follows the steady state value for a given pressure.

The relaxation of electric conducitivity across the burning sur-

face was followed during rapid depressurization for some propellants.

As shown in Figure F.13, the conductivity signal drops very sharply

near the extinction point. Figure F.14 compares the steady and

transient conductivity signal during rapid depressurization. The

conductivity signal is noted to deviate from the steady state value

only as the exringuishment point is approached.

h. Conclusion

(1) The measurement of the electrical conductivity

across the burning surface is a useful tool to

study the steady and transient propellant

combustion. The extinguishment point during

depressurization can easily be detected and

some insight into the burning of aluminized

propellants could be obtained by the

conductivity measurement.

(2) Significant amounts of power can be dissipated

on the burning surface by use of high voltage.

This fact could be used to advantage to improve
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the experimental technique developed by

Mihifeith for measuring response ftinctionsI

by energy input to a burning surface.a
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SELIECTRODES

ATTACHED BY
SILVER PAINT

ALUMINUM FOIL

Figure F.I. Schematic Diagram of a Sample Prepared for the Measurement
of Electrical Conductivity Across the Burning Surface.
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CHECK RS BURNING
CHEC00K IMGSURFACE
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VOLTAGE, 0OUTPUT
E

e

0-0

Figure F'.2. Cir ruiIL Schemat ic Diagram ol a Resistor Box for thle
Measurement of Elr :trical Conductivity.
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Figure F.1. The Ohmic Nature of Conductivity Across the Burning
Surface. Current Densities Were Obtained by
Multiplying the Ratio of Distance Between Electrodes
and Electrode Width to the Measured Currents.
Samples Were Approximately 0.75 cm x 0.75 cm in
Cross-Section.
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Figuire F.4. Effect of Distance Between Electrodes on the Resistance

Across the Burning Surface for Two Pressures. Resistances

Were obtained by Multiplying the Width of Electrodes to

the mea,,ured Values. The Width of the Electrodes Was
Approximately 0.75 cm.
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Figure F.5. Effect of Distance Between Electrodes on the Solid and

Gas Conductances Across the Burning Surfaces. Conductan.-
Data Were Obtained by Dividing the Measured Values by tl-e

Width of Electrodes. The Width of the Electrodes Was

Approximately 0.75 cm.
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Figure F.6. Effect of Pressure on the Electrical Conductivities of
Various Propcl]ants. Silver Paint Electrodes Were Used.
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Figure F.8. Effect of Pressure on the Electrical Conductivities

Through Gas and Solid Phase.
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Figure F.9. Comparison of Low- and High-Voltage ConductiviLies for a
PU Propellant. Gold Leaf Electrodes Were Used.
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Figure F.10. Augmentation ot Regression Rate of a PU Propellant by

Dissipating Electric Energy on the Burning Surface.
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Initial --- Zero
Chamber Luino sit y
Presoure--
Weight ----Reference
Signal Pressure

Conductivity

--- Final System

1.27 cm, Initial Chamber Pressure: 8.1 atma,
Reference Pressure: 7.1 atms, Vertical
Scale: 1.36 atme/division, Horizontal
Scale: 0.5 sec/division.I

Initial
Chamber ReferencePressure -Pressure

---ZeroI
Luminosi ty

Weif,!t
Signal

--- Zer

Conductivity

~ --- Final Sys ternm
Run No.: 2215-21, Propellant: UDI, Orifice: Pesr
1.27 cm, Initial Chamber Pressure: 11 atma,
Reference Pressure: 10 atma, Vertical
Scale: 1.36 atms/division, Horizontal
Scale: 0.5 sec/division.

Figure F.11. Oscilloscope Traces Showing Light, Conductivity
Signals Near Extinguishment During Depressurization.
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Initial
Chamber -
Pressure

Reference
lm Pressure

---Zero
Conductivity

Run No.: 2322-2, Propellant: G, Orifice:
0.953 cm, Initial Chamber Pressure: 7.8 atms,
Reference Pressure: 0.85 atms, Vertical
Scale: Pressure, 1.36 a ms/division;
Conductivity, 3.6 x 10- mho/division, Horizontal
Scale: 0.5 sec/division, Electrodes: Silver Paint.

Figure F.12. Typical Oscilloscope Traces of Pressure and Conductivity
Signals During Slow Depressurization Using Combustion Chamber.
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Chamber ---
Pressure

Zero
Reference ' i---Conductivity
Pressure -- b Final System

---Pressure

Run No.: 2409-4, Propellant: UDE, Orifice:
1.27 cm, Initial Chamber Pressure: 7.1 atms,
Reference Pressure: 0.85 atms, Vertical
Scale: Pressure, 1.36 atms/divlsion; Conductivity,
4 x 10-6 mho/division, Horizontal Scale:
50 msec/division. Result: Extinguished.

Figure F.13. Typical Oscilloscope Traces of Pressure and Conductivity
Signals During Rapid Depressurization Using Small-L*
Blow-down Chamber.
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Figure F.i4. Transient Conductivities During DeupressuriZaLiOnl.
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Symbols Indicate Twc Different Runs. Barred
Points Indicate Fxtinguished Pressures.
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APPENDIX G

REDUCED DATA OF EXTINGUISHMNT TESTS



P-4 4 449 - 4 4

PC

1, m w Go V% m0 ej '.?- .4 vi 0,

4 I. 000 00 0 1 0 0 0 9 0 04 I

aa

ILI IV C

so C4 m9n1 4 ?1

a

w 00 w0-,.,co0 ,;,a

w a 96 04 27 1I 744- 7IIT1 Z41 S . 4--t .4 ..
w a'- -10 0 0 0 0 00 0 0 0 0 0 A

Pv
I-

1, 1

41
0. 400 CCc,0 7 ,mC

4394 U

41 49 -.

4,1Y 01 a, a, 4)' 0-.'--0 0 0 0 000 In0 0a 000600 0) .U -440, 9
443 49 C4 100 0 0 0 0 0 0 0 0 0 C . O

19

ai

,4

o * ---



310

ol M~ 10 7
-S 7 M -M U T CN' 4 U .1 N1 V. M. M M0~. 4 -MU

0 4 000 ,C, 000C 0 00 "O9OOO 00 00000

M. M ,'o-0.

C 000000000a0 0 000 00000000800c

a0 in M 4C ,00 ~ 0 4 0

.4 C!IJ ! V!

G co co a a , o co 0 o 00 g 10 1 - ,4000000000M 
0 

I00 
0 0 0 0

041:

toa
CPI~4 cr S l~ U UUU,0 Ufn

C4 C4 In000MV11V-00 000 VI0.-n D 'D 000-0MO

4.1 .4

r_ _ __ _ -~e 44124 ,

. ....... ....



311

I U b 0 a .4 0004--0 0 0

11 %n4 C- - . .a 00 .w40

0 0D 00C,00 10 0 0 0a0, 00

ww q

3S - 0 4 .-4 N0-40.. C44 4 f- -*

m4 I 10 a, a eq f. a 4 V% " . 4Q
*G com 00 4 0 I1 mY4. a. C...43 44 4 4

C3 CD a' 0t 0 0 0a 00a00

'3 3 6~0 0 '3*

C .4

u w

co IL 0 1. 1 7 00w 0.4N r

* - 41

to j 4

* ~ C C4 m m no4 ND N N N r. - 44 4



_________312

A. c
- no burning rate data for this propellant

.4" 0 0 0 a, 'D00 =~14 4 9 'Dc 0 'D 'n 0

-01 010Sy I-1
U~ ~ ~~ . .. 0 a04 . . . . . . . .P449.- 0

. U)

4

V-44

- 0 4P b.

IsI
- )C 0 0

V4 4 4

0

I..- co l -
C,2 4)



________313

.. wno burning rate data for thic propellant

-44

01

14 ~ e 00 0 0 .4 00N 0 a. 00 00-

* . 0' 'C 0 0 C (N 0 (N00Q0

4 o c wmc wwwc Go w1OU. 'C 40 a c 0

~~ U 00 440,~4~40000000 0'

10 kn 6 M66 " ^ IW

w Go w r, ~- - %I,

4 .414w Y 4 4m.2 a w0 01 .
In Inr nme



dIN- NV'N U C N0 c4 %P .- I 04 a 00 0m 0 m CN ' A O C

10 O 0O 0 00 0 0000

c ~ ~ ~ ~ ~ ~ ~ C 'S 44 C4 NMW IV 4f C (4r

f NN4 M% VI VI e4

A 4 e40 *OA A I N I4 0 Ce 0 0 0 0 0

'4~

II~~~~C C!OCCON409N

C ~ ~ ~ ~ ~ 0 COCCO OCOOCCO(%14000?00N N W
00000 0000 a 0I - 4- - - -. a -'D

0 .' S

m4 MA0 0 N000000000000 , 0 w00

C . U 0 0 O ~ O 0 0 0 O 0 O 0 0 -



VI

00 0 0 0 000.tf 00
N1

6 C-.4.4 0 0 0 00 0 0 0 0

'0 -c'

to 4#. . .4

.4A

w 1 ou 1010 %0 CID GO0000 0000
Goa 0 y 1

07 M -0 000'4 W W -4 W -4.. ^4

F6 U

-. 04 0 c 0OD0WW

4 0 0 )0000 ;0C

V. 1
cc* ~-'- 0 0 0 0 0 0 0 0 0 0 0" o



I. 316

vI
N~ C4

to a, .4 11 co 2' 00

r 0 a -- 500000000000000000en mo m

S so

0 ~ ~ 00-Vlolo -0''''660 0 0- - N N S S N 000 80 0 0Isa

O0 c

-W ONlsc co C50 oo-0 0

U ~ ~~ ~~ 0 m moo o o o o o o o o o o 0 0

m- 11% 0' 04 11% 0 0 w0 (N w ,NOwwww
0' . NO .N .~ .0 .N . .5 0

C4C-C-



3171

V'.

e4 ela y 6 0 AI I
r4* 00m c S.m9 .

p 1 .2 cl-4-4a4 n4m
Cosf 1 9 9 0 0 C

to00000000000 coo 0 0000 0000-40

aC ^C,0 6 ,C ;00 '0 ; C
no

e4 00 co00c c G V0wc

D. r, , 0 % 00a%0c r%0 N C00000P 00 Is1 ) 0 0

w u

(' ''-02 0 10 a, %0 , 10 .0

41

C>0

a,9 M O C C OW 10 4 eN In1% 0 ~, 0 C ~ O'
49 el - C 4N NC4- "

-z



0
4  

V(( 61- C. a f 01 -

enC40 V 4 4 .0 04 4 0 0 a c

kn ~ ~ 0 aa00. lo la v

a -0r 0 r O l O

t0 ~ ~ ~ ~ c coNc . O~O O O o'a
ob 000000o0000000 00 0

'44

a, 'A In? In4 0 7 0
* M 0000 0 00 0 0 0o 04
V) '4 C- Te na4, .49 0 0c 0

S.99

L. a N 'Do
10 C, oa 10 a, %D ID Fc ID cc 4- O w j

17 A4 17 eN 02 w c-( m-4 00 000 000

Gocao , q e c la

044



319

10- 0 0 1

.0 44 cc 4 N 0 'o4 C4

asiea. 4'

NN~t0000 0O e0 0

-4. 0 a a _i - -W^ e

aj

N a, 'I 000sO t ~0'O0 '' OD 0 0

P0000 0000 0 0. n

.~ ... c o

M N N 1OA In w w0
n~0t M O M 4'0

-4N N N N

04 404



____ ___ ___ ___ ____ ___ ___ ___320

14 In

60 ~ ~ ~ .- N0 c a 00 00 00 co0 m0000 oa

-4

41)

V% VS4 C -4 00 0 0 0 0 0 0 0 0

VI 0

w wa 0 m

000

eq CAf 140 l.Ne



CL4 -4 -4 00f 4 e4N c m4 r

-2 en N4 C S --- 4 -4-40 'd .4. o

,4.

m . r N O P4.7' Ins

'6 -. 4.m 4-4 00 4000

41

C> o

V r4

iti

0? U 0'N40roN t ro 100C

w5 .0coc

r4V 0O nIfi' . (100br 4 NN 0
10% 4e ,' 'I -4,,

I4N N 4 0000C000000004

45 3



- r 322

N N 0, N NNNN -

u ~ ~ Go - Z C 0 0. Qc~* N NNI

r G1

414

go 41

v. v 10 N-I .- I.,YO 0, V000 0 0

CPIl

c.~

U C*P

U 0.

~~r 0 -c

IM I11 ,C



____ ___ ___ ____ ___ ___323

U 0,

0 .4400

0 4C)-

D0 440 In

U .40.00000 IMI-

C4;

47, 00 000 0 I 0P

.4 9

In -S1

4-4 -



432

A4 aT : rf 4' O'r -, 4:

I Go .2 4" NO 10 4' 4 m 0 ' 0

r. 1 1 44 N N4 F,?44N 11 ,

c 04

4) In 0 0 m Go z m
n n - In0 M NN 40 0 4 40 4 4 4 00

0

k. 4
z l zN4r40Nf"NNF44 o

U~ lo -0 0000 000 0000 0 0



1325

ln Q4 In -4 en f 4 N n
to4 1  .3 9: On N .-4 01 '0 ~

'4 0

0, co.o4. 1

In %n .Z m fn f0if14 N 1

r ro

1.4 0 an
404

4~~~C co~*~4 N N...
44~17 000 000 000

4.4 N f14 aC 5

0 C4

%C f4I DIU O ^ 6%1

.- 0 ,' 017 0 t

1C!

Gi 9N

* - . -4 N W N

a 2 rONP w 4n .0.0 N a

4A ()I t5 C-W --

N.4 N . .~ . IN t 4 r4


